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The Canadian Coast Guard has undertaken the design of a large polar icebreaker. To ensure that 
high performance in ice would be achieved in this ship, the Canadian Coast Guard commissioned 
a hull development program to determine, through systematic tests in ice, the influence of designer- 
controlled variables such as beam, length, draft, block coefficient, and possibly hull-ice friction fac- 
tor upon icebreaking performance and maneuverability, and to use the results of the experimental 
program to select the major dimensions and propulsive power of the icebreaker. The program was 
divided into four parts: A model/full-scale correlation study, parametric ice resistance tests, as- 
sessment of icebreaker maneuverability, and selection of least-cost hull parameters and power. In 
the course of the program, correlation was demonstrated between model prediction techniques and 
full-scale observations in ice thicknesses up to six feet. Parametric ice resistance experiments re- 
vealed that draft and block coefficient exert a significant effect on icebreaker performance in level 
ice. A modified rotating arm experimental/analysis technique was developed to assess the maneu- 
verability of ships in level ice. Model predictions of turning circle were found to reproduce full-scale 
turning circle measurements well. Parametric maneuvering model tests revealed that a steady- 
state turning circle in level ice increases markedly with increasing ice thickness, ship length, and 
block coefficient. The ice resistance equation developed from the parametric test results was used 
in an optimization program to provide the main dimensions, power, and estimated cost of a least-ini- 


tial-cost large polar icebreaker. 


Introduction 


Background 


CANADA’s decision to design a large icebreaker was taken 
because of the very considerable increase in probable future 
activities in Arctic regions, the realization of which came rather 
rapidly after oil was discovered at Prudhoe Bay and iron ore 
in Baffin Island. 

A combination of national and world shortages and Arctic 
discoveries made it fairly certain that, in a short space of time, 
the development of Arctic regions is inevitable. In a new 
consciousness of the importance of these regions and the 
probability of near-term development imperatives, a dis- 
quieting awareness grew of the fact that Canada does not have 
icebreakers capable of operating in the Arctic regions beyond 
the 4- to 5-month summer period. 

With resource companies talking about bringing gas and oil 
out by the early 1980's and minerals even sooner than that, the 
‘need to plan for the building of an icebreaker support facility 
became extremely urgent. This facility also had to be far more 
ice-capable than anything existing in the Canadian icebreaking 
fleet and, indeed, the world. 


The Canadian Government, therefore, took the decision al- 
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most two years ago to proceed with the design development of 
a powerful new icebreaker suited to operating at least ten 
months of the year in the lower Arctic regions and which could 
effectively act as a support tool for extended season Arctic 


shipping. 
Need for optimization 


It was realized that the vessel would have to be three to four 
times as capable and powerful as Canada’s existing largest 
icebreaker, the Louis S. St. Laurent, which itself ranks among 
the world’s most powerful icebreakers. The prospect for the 
new vessel, which became termed Polar VII, was that it would 
be an expensive ship but, nevertheless, essential to the devel- 
opment of Canada’s Arctic. The capital cost was initially es- 
timated between $150 and $200 million. The ship would 
therefore cost almost an order of magnitude more than any 


existing ship in the Canadian icebreaking fleet! The estimated , 


20-year life-cycle costs were equally impressive. However, 
the requirement for a ship of this capability to fill the role of 
supporting the expected development of Arctic shipping left 
no alternative. 

Because of the anticipated magnitude of the investment in 
the Polar VII, it was apparent that optimization of the design 
could yield a significant economic benefit. If by improving 
the intrinsic icebreaking capability of the ship by, say, an im- 
proved hull shape, it were possible to reduce the required dis- 
placement of the ship by ten percent and still have a ship which 
met operational requirements, a savings of $10 to $15 million 
in capital cost would result, to say nothing of the reduction in 
life-cycle costs. On the other hand, an arbitrary reduction in 
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Table! Influence of variations in independent variables on 
acquisition costs as estimated by a feasibility icebreaker 
design mathematical model 


EFFECT ON COST 
IF WARIABLE IS 


VARIABLE INCREASED SENSITIVITY2 
L/H increased 0.013 
B/H increased 0.252 
A increased 0.745 
CB decreased 0-809 
Ce no change Rae 
SHP/A increased 0.266 


4Increment in cost/base cost 


Increment in variable/base value of variable 


size or power of the Polar VII might reduce the icebreaker’s 
capability to support shipping, increasing the costs to all ship- 
owners who would depend on it. 


Icebreaking performance 


In order to optimize the design of a ship intended for ice 
operations it is necessary to have available data that express the 
performance of the ship not only in terms of the important 
parameters describing the ice environment, but also in terms 
of those properties of the ship which strongly influence cost and 
which are suspected to influence performance. 

Melberg et al [1]° presented the results of a computer pro- 
gram for selecting a least-cost icebreaker. A summary of their 
findings is given in Table 1. These results suggest that the block 
coefficient and breadth-to-draft ratio are major hull form pa- 
rameters which influence costs significantly. 

At the time the design of the Polar VII was awarded, there 
were three main sources of information on predicting the 
performance of ships in ice: the work of the Soviets, which is 
well summarized by Kashtelyan et al [2]; the U.S. studies re- 
ported by Lewis and Edwards [3-5] and Kotras and Benze [6]; 
and the combined works of Enkvist [7] and Johanssen and 
Makinen [8]. 

All of these sources contributed significantly to the state of 
the art of estimating the powering requirements for icebreaking 
ships. However, without prejudicing the efforts of these in- 
vestigators, the empirical and analytical predictors which were 
available to the authors were not adequate for the task of op- 
timizing the hull design of the Polar VII. Specifically: 

e Only Johanssen’s and Makinen’s work incorporated tests 
to assess by model test the effect of ship breadth on resistance 
to motion in level ice. Furthermore, their work was carried 
out on ore carrier forms with high values of Cg and L/B. It 
was suspected that their findings would not accurately apply 
to the Polar VII hull because of the great difference in hull form 
compared with ore carrier hull forms. 

e Nosystematic assessment of the effect of block coefficient 
on resistance in level ice had ever been carried out. 

e The results of tests by Kotras and Benze [6] and Johanssen 
and Makinen [8] to assess the effect of ship length on level ice 
resistance were for wall-sided ships with very long parallel 
middlebody. The results of the two in combination did not 
produce unequivocal predictors of the L/B effect. 

¢ Nosatisfactory results of tests to assess the effect of draft 
variation on level ice resistance were available in a usable 
form. 

e Bow shape: Kashtelyan’s semi-empirical ice resistance 
predictor equations [2] compared favorably with full-scale data 
gathered on a very narrow range of forebody shapes, while 
Johanssen’s and Makinen’s test results dealt with large stem 
slope changes on bulk carrier forms rather than the more subtle 
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changes in bow shape germane to icebreaker bow shape opti- 
mization. =" 
In summary, the designer had available semi-empirical 


predictors for resistance in level ice. However, these tools in- 3 | 
cluded a logical but uncorroborated linear dependence of re- a 
: : c *]: an%e 
sistance on beam and did not incorporate a capability to assess 7) 
the effect on ice resistance of B/H, L/B, and Cz, variables a 
which markedly effect the cost of the ship. Basically the de- => 
signer’s tasks required a “Taylor’s Standard Series for Ice- aN 
breaking,” but none existed. Consequently, it was considered 2) 


in the best interests of the owner to conduct extensive ice re- if 
sistance experiments to assess the influence of variation in hull ~ 
parameters, which were suspected to have a significant effect rf - 
on construction costs, and upon icebreaking performance. . 
Further, the results of this experimental program were to be- 7 
used in conjunction with an initial cost optimization program ai 
to check the initial selection of the major hull form parameters ~ 
of the Polar VII. *: 
; 


% 

§ 

Maneuverability constraints @ i 
The maneuverability of an icebreaker used for shipping es- ae a 


cort is very important. At the time of the initiation of the de-: — 
sign study, no rational techniques existed for assessing the in-- 
fluence of hull parameters on maneuverability in ice. Of~ i 
course, icebreaker designers realized by intuition that length ~~ 
between perpendiculars aid the length of parallel middlebody : _ 
influence the turning capability of an icebreaker, but there werey 
no data or mathematical model which could be used to deter- a 
mine, quantitatively, the effect which changing length or block: ~ 
coefficient would have on maneuverability. Consequently,” .~ 
the development of a technique to predict maneuverability in. 
level ice—and to use the technique to assess the effect of — 
changes in ship length and block coefficient on turning circle i 
and directional stability —was incorporated in the experimen 
program. Although the results of this work could not be used ~ 
directly in the optimization program, they would serve as an. 
external constraint or check to ensure that a hull form selected + 
to maximize icebreaking performance (level ice resistance on ~ 
a constant heading) and to minimize cost would not exhibit. 
unacceptable maneuvering characteristics. : 


Model/full-scale correlation and media selection 


At the time of the initiation of the study, a facility suitable 
for ship towing tests was available in Canada which was set u 
to use a synthetic ice recently developed by Michel [9]. The iy 
material was attractive mainly because the ratio of elastic ~~ 


modulus to bending strength was quite close to that of real co r 


whereas it was difficult in saline ice to achieve levels of this ~~ 
parameter equal to those attributed to full-scale ice. However) « : 
the material was relatively untried as a media for ship model) 
testing. Modeling the interaction between sloping structure se 


and ice had, however, been successfully undertaken. oe 
Hees 


The prospect of conducting the experimental program in a’ 
local facility was attractive as was the potential of the synthetic — 
ice. Consequently, a part of the program was devoted to as-*) 
sessing the suitability of synthetic ice for icebreaker perfor-\\* 
mance modeling. oe 

Ship model tests which consist in measuring the performance 
of ship models in ice covers frozen on salt water had been shown. 
by Edwards et al [4] to exhibit reasonable model/full-scale* ~ 
correlation, at least for Wind-Class icebreakers and in ice the > — 
full-scale thickness of which did not exceed two feet. The Polars 
VII was intended to operate in seven feet of ice! P 

The only full-scale data available to the designer for ice 3. A 
thicknesses approaching that level were obtained during trials » _ 
of the CCGS Louis S. St. Laurent in 1970. Consequently, a¥ 
series of model/full-scale correlation tests involving the St. 
Laurent was incorporated in the experimental program to bi 
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Influence of Major Characteristics of |lcebreaker Hulls 


Model Scale/Full Scale 
Correlation Study and 
Medium Selection 


Subject: C.C.G.S. LOUIS S. 
ST. LAURENT 

Purpose: To examine the 
influence of: 

. model scale 

- hull-ice friction factor 

- ice strength 

. test mode (ramming or 

continuous ) 
. medium (saline or 
synthetic ice) 


1. length 
2. breadth 
3. draft 
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Fig. 1 Polar VII Hull Development Program—summary of program elements 


support the design of the Polar VII. 

The effect of scale on the correlation of model ice resistance 
with full-scale ice resistance had been investigated by Kashte- 
lyan et al [2]. His results showed a dispersion between resis- 
tance predictions from 1:65, 1:80, and 1:50 scale models which 
increased from almost zero at very low Froude number to 20 
percent or more at high Froude number but which did not 
exhibit a consistant relationship with geometric scale factor. An 
investigation into the effect of geometric scale factor on the 
accuracy of ice resistance prediction was included in the pro- 
gram. 

To summarize, before undertaking the experiments to assess 
the effect of variations in selected hull parameters on resistance 
to motion and maneuverability in level ice, a program of tests 
was undertaken to evaluate the following: 

e Relative suitability of model tests in synthetic and saline 
ice for predicting full-scale performance. 

e Effect of geometric scale ratio on predicted full-scale re- 
sistance. 

These preliminary tests, parametric resistance and maneu- 
vering tests, and exercise of the program for selecting least-cost 
icebreaker parameters for a given mission were combined into 
a program referred to as the Hull Development Program. 


Hull Development Program 


Figure | illustrates the logic sequence for the Hull Devel- 
opment Program. It consisted of the (a) preliminary correla- 
tion and media selection program, (b) parametric resistance 
tests, (c) development of a model technique for assessing ice- 
breaking maneuverability, (d) parametric icebreaking tests, 
and (e) least-cost hull selection program. 

It was realized that time and budget would not permit a 
development program which could yield a complete set of data 
for the effect of changing hull form parameters. Polar VII was 
to be designed within a time constraint which would be tight 
even were the methods for estimating power requirements as 
advanced as for open-water calculations. 

It was decided at the outset of the program, therefore, to limit 


Parametric Ice 
Resistance Tests 


Subject: Candidate Hull Form 
for Polar VII 


Least Cost 
Purpose: To examine the influence Hull Selection 
on resistance of: Program 


4. block coefficient 


Development of a Model Technique 
for Assessing Icebreaking 
Maneuverabi lity 


Model/Full Scale Correlation Study 
Subject: C.C.G.S. LABRADOR 


Limit of 
Hull Development Program 


Parametric Icebreaking 
Maneuverability Tests 


Subjects: Candidate Hull 
Forms for 
Polar VII 


Purpose: To examine the 
influence on 
maneuverability 
in ice of: 

1. length 

2. block coefficient 


the testing program to provide data sufficient to produce pre- 
dictor formulas which allowed for the influence of the following 
variables on icebreaking resistance: 


1. Length 
2. Breadth 
3. Draft 


4. Block coefficient 

These variables were the primary ones to be investigated for 
a hull form series which had the following fixed parameters, 
variations of which were not to be investigated: 

1. Fixed midship section flare angle 

2. Fixed rise of floor angle 

3. Stem profile 

4. Stern design 

5. Location of longitudinal center of bouyancy 

The concept selected by the Canadian Coast Guard for the 
stem design was the so-called “White bow,” shown in previous 
tests [5, 9] to be superior to a normal icebreaker bow form 
having straight stem profile with a rake angle of approximately 
26 to 30 deg. In Fig. 2, the difference between the selected bow 
concept {Fig. 2(a)] and the traditional icebreaking bow shape 
[Fig. 2(b)] is illustrated. 

The target of the program was to develop an icebreaker de- 
sign which would meet the following performance require- 
ments: 

Icebreaking performance: 

Continuous mode—3 knots in 7-ft-thick consolidated pack 

ice. 

Ramming mode—in consolidated pack ice up to 25 ft 
thick. 

Open-water performance: 

Cruising radius—Minimum of 20,000 nautical miles at 
economical speed in open water with 20 percent fuel re- 
maining. 

Constraints: 

Restraint on draft—not to exceed 45 ft. 

Restraint on breadth—not to exceed 106 ft overall (Panama 
Canal Authority). 
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(b) Norman McLeod Rogers 
Fig. 2 Illustration of the bow concept chosen for Polar VII versus 
traditional Wind-Class type bow 
Costs: 


Minimum capital cost. 

Minimum 20-year life-cycle costs. 

The hull development program and its results are docu- 
mented in the following pages. It seems a curious fact that such 
programs have not been undertaken before now, and the au- 
thors wish to express their respect for the officials of the Ca- 
nadian Coast Guard who saw the need and sponsored the pro- 
gram. 


Conclusion 


The results available to the Canadian Coast Guard from this, 
the first published series of systematic tests on a family of ice- 
breaker forms, have already proved most useful and have jus- 
tified the application of a major portion of their research funds 
into this type of program. Up to this time, data available have 
tended to be applicable to one specific ship rather. than to a 
family or series. Now for the first time the designer has been 
given a tool to allow him, during the design spiral, to measure 
with confidence the effect on icebreaking performance and 
thus cost effectiveness of any envelope modification contem- 
plated to the vessel. During the development of the Polar VII 
design, all changes in dimensions, form, or power were assessed 
for effect on the overall performance in ice, both in level ice 
resistance and in maneuvering criteria. The result will be a 
more efficient vessel to the owner, representing the best com- 
promise between his conflicting requirements of maximum 
performance in Arctic ice, the capability of entering shallow 
rivers and fjords and fitting into existing servicing equipment 
and methods, while at the same time having a minimum capital 
and annual operating cost. 

Although much has been achieved under this program, the 
authors realize that many factors still remain to be investigated 
before a documented series of icebreaker forms is available to 
naval architects, comparable to the standard series already in 
use throughout the world for open-water performance. The 
influence of bow shape, flare angle both forward and amidships, 


the effect of the friction factor, etc., all are areas where work 
is still required. 

The design of the Polar VII icebreaker has by virtue of its 
requirement for a ten-month operational year, including a 
major portion of the Arctic winter, posed many problems ad- 
ditional to those that normally beset the icebreaker designer. 
All disciplines in the design team have experienced major ex- 
tensions to their boundaries of “normal” operations. For ex- 
ample, the choice of hull steel becomes a major item when the 
outside air temperature is below —50 C, the wind above 90 ki- 
lometers per hour, and the immediate obstacle is a 10-m-thick 
pack of consolidated Arctic ice! These conditions require that 
normal steels be replaced by special alloy steels retaining their 
notch toughness and ductility under extremes of temperature 
and loading. 

It is anticipated that this paper will be the first of a series, each 
dealing with a different facet of the detail design of this ship, 
potentially the most ice-capable vessel in the world. 


Full-scale/model-scale correlation study 


The objectives of this part of the Polar VIT Hull Development 
Program were to examine the effects of various parameters 
upon the results of model tests and to determine whether or not 
these results agree with data taken under full-scale conditions. 
The parameters examined in this portion of the program 
were: 

e Geometric scale factor. 

¢ Ice strength. 

e Hull-ice friction factor. 

e Test mode, that is, constant-velocity towed or ramming/ 
penetration mode. 

e Test media, that is, saline ice or synthetic wax-based model 
ice. 

Geometric scale factors of 36 and 48 were used during this 
part of the program. Smaller geometric scale factors give 
larger, easier to measure test forces and use closer to full-scale 
property values which allow more accurate scaling of the ice 
properties, particularly the elastic modulus. With larger 
geometric scale factors, a greater number of test data points 
may be obtained from a given length of model ice. It is also 
possible above certain scale factors to test two models side by 
side in the model basin, and thus double the number of data 
points per test ice sheet. The effects of variation in the flexural 
strength of the ice cover were examined over the ranges ob- 
served in Arctic ice. The importance of hull-ice friction has 
recently gained a great deal of attention and it is expected that 
the condition of the snow cover itself during full-scale trials may 
play an important part in the results of full-scale tests. The 
model series was therefore designed to cover a range of hull-ice 
friction which would encompass all possible full-scale conditions 
from that of a low friction coating to a very sticky snow cover 
against the pitted bare hull steel. Several investigators have 
advocated the use of ramming or deceleration tests in lieu of 
constant-velocity tests for full-scale testing of new hull forms, 
and so the test program was designed to test the same hull form 
in both the constant-velocity mode and in a ramming or de- 
celeration mode. In this way comparisons of results obtained 
from each type of testing can give predictors for continuous 
motion. At the time of this program, no extensive ship model 
tests had been conducted in a new synthetic modeling material 
which more closely simulated true ice elastic modulus. The 
test program was therefore made to include tests in this new 
synthetic ice material in order to determine if, in fact, better 
results could be obtained with it than with saline ice materi- 
al. 

The ability to test models of ice-transiting ships in model 
basins and project the results to full-scale performance has been 
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Fig.3 Full-scale resistance data for CCGS Louis S. St. Laurent in snow-cov- 
ered ice with regression lines from combined data 


developing very rapidly over the past ten years. Initial tests 
for icebreaking hull forms were performed in freshwater ice, 
paraffin wax, and saline ice. The pioneering work of Kashte- 
lyan et al [2] in testing ice-transiting hull forms in saline ice is 
still used as the basis of most of today’s work. Other attempts 
were made to test ice-transiting hull forms in paraffin wax [11], 
and freshwater ice [5]. The first attempt to project the results 
from saline ice on a dimensionless basis to full-scale results was 
made by Lewis and Edwards in a presentation before the So- 
ciety in 1970 [3]. Also, Enkvist did some early investigation 
of the effect of scale [7]. Edwards, et al collected a large vol- 
ume of full-scale data on an icebreaker operating in freshwater 
ice and compared these data with tests done in model basins 
with saline ice [4]. Recently, Vance [12] assembled all available 
full-scale data that can be correlated with model data, from 
which he derived and published a common equation for pre- 
dicting full-scale behavior from model tests. The shortcoming 
of these early attempts at correlating full-scale and model-scale 
test results is the very severe shortage of data. In view of that, 
this program was designed to collect a sufficient amount of data 
such that the scatter which is normally seen in ice model tests 
would not be so great as to hide the trend of change with each 
of the parameters of the investigation. 

A hull form was needed for this model/full-scale correlation 
study on which an extensive amount of full-scale data had been 
collected that would be relevent to the proposed operation of 
the new polar icebreaker under consideration. Data were 
available on only three arctic icebreakers: the Canadian Coast 
Guard ship Louis S. St. Laurent, the Soviet ships Valdisvostok 


and Moskva, which are of the same hull form, and data col- 
lected off the west coast of Alaska on the U. S. Coast Guard 
icebreaker Staten Island. Only the data on the Louis S. St. 
Laurent had been collected in the Canadian Arctic, where the 
new icebreaking hull form was to operate. The St. Laurent 
data had been collected under ice conditions which were 
greater than the limiting continuous capability of the power 
plant on board. Thus the data had been collected on ramming 
penetrations under full power. Prediction of the continuous- 
mode resistance from these ramming tests was made using the 
deceleration force in addition to the thrust of the propellers to 
compute the resistance of the ship at the instantaneous velocity. 
A set of data points was obtained by using each two-second 
period of those penetrations on which the ship progressed at 
least half of its length into an unbroken ice cover. The resis- 
tance, velocity, and ice strength at each one of these data points 
were formed into a dimensionless group using the Edwards, et 
al, method of nondimensionalizing data so they could be 
compared directly with data from other ship hulls having dif- 
ferent dimensions and also with model data. The dimensionless 
groups thus formed were then subjected to regression analysis. 
The resulting equation is 


R Of v 
eee F940 ——— ih 
PwgBh? Pweh gh me 

This equation is plotted in Fig. 3, using the actual values for ice 
thickness and ice strength obtained during each of the five test 
courses where full-scale data were obtained. The data used 
to create the equation are also shown. The worst match with 


= 4.242 + 0.05033 
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Fig. 4 Comparison of dimensionless resistance of three Arctic icebreakers from full-scale data 


Table 2 Characteristics of CCGS Louis S. St. Laurent 
1/36TH 1/48TH 
FULL SCALE MODEL MODEL 
Length BP, ft 334.0 9.28 6.96 
Beam, ft 80.0 Phe 1.67 
Draft, ft 29.5 0.82 0.61 
Displacement 13,300 638.55 269.39 
(tons) (lbs) (Ibs) 
Block coefficient 0.59 0.59 0.59 
Bow (rake) angle at 
test waterline, deg oD Se 32 
Shimanski-Kashtelyan 
hull coefficient, LL, 1.995 1.995 1.995 
Shimanski-Kashtelyan 
hull coefficient, 7, 2:29 2.29 2.29 


the data seems to have occurred in Courses Al and A2. (The 
lines on Fig. 3 are for the combined data regressed nondi- 
mensionally.) A possible explanation for the higher resistance 
than expected which was observed on these courses might be 
that the ice was under some pressure during this particular run 
or that sun had melted the snow, resulting in higher hull-ice 
friction. The predictor equation seems to represent the effect 
of velocity quite well both in the thickest ice represented by 
Course C and in the medium thickness of ice represented by 
Courses B and D. In Fig. 4, the performance of the Louis S. 
St. Laurent is compared with two other icebreakers on which 
full-scale test data have been published for operations in the 
Arctic. In order to eliminate the effects of hull size, this figure 
is plotted with the resistance nondimensionalized and the ve- 
locity nondimensionalized as a thickness Froude number. The 
regression equation for the St. Laurent is plotted, and along 
with this are plotted the test data collected by Wartsila Helsinki 
Shipyard shortly after delivery of the icebreaker Vladisvostok 
[7] and tests made on the U. S. Coast Guard Wind-Class ice- 
breaker Staten Island during February /April of 1969 off the 


west coast of Alaska [3]. The line representing the Staten 
Island data was developed using only those data on which there 
was a snow cover present at the time of the test. Snow cover 
was present during all the tests with the St. Laurent. The 
performance of the St. Laurent over the range of most of 
the data collected falls between that of the Vladisvostok and 
the Staten Island. The relatively higher velocity dependence 
of the hull form of the Louis S. St. Laurent may be due to its 
high block cofficient, imposed by operational requirements, 
and thus less advantageous breaking form of the bow. The 
lower resistance seen by the Moskva hull form on the Vlad- 
isvostok may be due to either a lack of snow cover on the ice in 
which the hull was tested or to the relatively new condition of 
the bottom, having just emerged from the builder’s yard. 


Saline ice tests 


In this part of the Hull Development Program for the new 
Canadian polar icebreaker, the objective was to use the rela- 
tively well-established method of testing ship models in saline 
ice to determine the effect of scale, the effect of type of testing, 
the effect of ice strength, and the effect of hull-ice friction on 
predicted resistance in level ice. Table 2 gives the dimensions 
of the two models used for these tests in comparison with the 


full-scale dimensions of the Louis S. St. Laurent. The purpose 


of the comparison was to examine whether there was a suffi- 
ciently better comparison with tlhe full-scale data using the 
smaller-scale (larger) model to justify the reduced number of 
data points which can be obtained using it rather than the 
larger-scale (smaller) model. All of the full-scale data were 
collected using the method of ramming into an ice sheet the 
thickness of which was greater than the maximum continuous 
thickness capability of the propulsion plant. Therefore, it was 
deemed necessary to test the Louis S. St. Laurent in ram- 
ming-type tests in model scale similar to those from which the 
full-scale data were collected, as well as in routine constant- 
velocity towing tests. The full-scale range of the test data in 
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Fig.5 Dimensionless model test data in saline ice 


thickness was from | to 6.3 ft full scale, in strength from 45.5 
to 239 pounds per square inch, in speed from 0.2 to 10.7 knots, 
and in hull-ice friction from 0.8 to 0.48. 

The first series conducted was constant-velocity towing tests. 
Data from these tests are contained in the Appendix. The 
procedure used is identical to that described in earlier papers 
[4]. There are two separate sets of data corresponding to each 
of the two scale models. These data from both of the scale 
models have been plotted on a dimensionless basis in Fig. 5. 
The data have been grouped according to eight separate friction 

oups, four for each model. Black data points represent the 
Thoth scale model while open data points are for the 443th model. 
On the ordinate the resistance is plotted while along the abscissa 
is plotted the product of dimensionless strength and the thick- 
ness Froude number, which, during regression analysis, was 
found to be the only term that contributed to resistance with 
a statistical level of greater than 95 percent. The predictor 
equation is plotted on Fig. 5 for three separate values of friction 
factor. Also plotted against the data and the predictor equation 
is the full-scale regression equation obtained from the full-scale 
test data. 

The data collected during these tests were combined into 
dimensionless groups of elastic modulus over strength, E/ of; 
the thickness Froude number or velocity divided by the square 
root of the product of gravity and thickness, vv gh; the flexural 
strength divided by weight density times thickness, of/ pwgh; 
and the dimensionless resistance, or resistance divided by 
weight density times beam and thickness squared, R/p,,gBh?. 
The data were first separated into groups of like hull-ice fric- 
tion. Each of these groups was subjected to stepwise multiple 
regression analysis to determine what terms might be important 
in predicting the full-scale resistance. It was found in this 
multiple regression analysis that only two terms were significant 
at the 90 percent level of confidence. These are the thickness 

Froude number times dimensionless strength and the thickness 


Froude number squared. All of the eight data sets collected 
were force-fit to an equation containing both of these groups. 
The results of this analysis are detailed in Table 3. It can be 
seen from Table 3 that the number of data points in each re- 
gression was approximately the same. A coefficient was ob- 
tained for each term in the hypothetical predictor equation, 
giving a total of eight separate values for each coefficient, 
corresponding to eight values of friction. A plot of these 
coefficients is shown in Fig. 6. Each of these coefficients was 
then fitted to a polynomial in hull-ice friction. Individually 
for each of the models and for both of the models combined, 
the results of these fits are given in Table 3. From these coef- 
ficients, predictor equations can be constructed which are good 
for each of the individual models and one which represents both 
models combined. 

Following this program, a series of non-self-propelled ram- 
ming tests was held. It was found from these tests that the re- 
sults obtained from reducing the inertial ramming tests pro- 
duced data equivaient to those collected during constant-ve- 
locity towing tests. All of the data from these tests are presented 
in the Appendix; however, only the results of one test have been 
plotted in Fig. 7, where they have been converted to full-scale 
resistance versus velocity. Also plotted in Fig. 7 is a line cor- 
responding to the predictor equation for the combined model 
data collected in continuous-icebreaking tests. The predictor 
equation includes values for hull-ice friction and ice strength 
measured during the ramming tests. At this one strength and 
one ice thickness, to have as much as 50 percent scatter in the 
magnitude of resistance indicates much poorer quality than has 
routinely been obtained through the constant-velocity method 
of testing. We therefore see that, although the results agree 
on a general basis and indicate that there are no strange phe- 
nomena happening during the ramming process, this method 
of collecting data does not hold as much promise in the model 
scale as the normally used constant-velocity towing method. 
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Table 3 
REGRESSION COEFFICIENTS FOR 1/36TH MODEL IN SALINE ICE 


Correla- Number 
tion co- of data 


Ice sheet i ce (Bx Cay efficient points 
#1—4 0.08 2.87 0.85 0.064 0.983 20 
#6-9 0.29 6.23 0.31 0.050 0.982 20 

#5 & 10-13 0.116 Sate —0.164 0.046 0.988 25 

#14-16 0.48 10.91 4.16 0.076 0.958 18 

( R o v ) ( vu ¥ 
=O tC CO ie 
PweBh) ° Np gh /gh) *\Jeh 
Number 
Coef- Correlation of data 
ficient Cr Cr Cr coefficient points 

Ox e222 19.53 0.00 0.982 A 

Cay 0.074 Oe: 0.513 0.957 4 

Oy 2.08 —23.06 57.20 0.992 4 


Cs, Chy, and cy =C, + Cof + Cre? 
REGRESSION COEFFICIENTS FOR 1/48TH MODEL IN SALINE ICE 


Correla- Number 
tion co- of data 


Ice sheet ij Cr Cy Crm efficient points 
#1-4 0.12 3.46 0.700 0.069 0.969 20 
#6-9 0.28 6.84 1.890 0.047 0.963 20 

#5 & 10-13 0.184 4.38 —0.074 0.052 0.976 25 
14-16 0.40 9°37 5.33 0.053 0.936 18 
Number 
Coef- Correlation of data 
ficient Co Cr Cr coefficient points 

Os 0.65 21.76 0.00 0.997 4 

Cay 0.110 —0.44 0.745 0.983 4 

Om, PAUP —29'.39 90.30 0.990 4 

REGRESSION COEFFICIENTS FOR COMBINED MODEL DATA 
Number 

Coef- Correlation of data 

ficient Cy Cr Cr coefficient points 

Cy 1.04 20.21 0.00 0.99 8 

On, 0.083 —0.276 0.534 0.80 8 

On, 0.625 —6.45 33.14 0.86 8 


Figure 8 has been constructed using the predictor equations 
developed for each individual model and comparing them 
versus thickness Froude number and strength at a fixed value 
of hull-ice friction. This graph shows that, at the Froude 
numbers normally associated with the limiting capability of the 
ship, the results given by the 36th and 48th scale models are 
nearly identical. As speed increases and we move toward 
thinner ice thicknesses, the predictor given by the smaller test 
model ('4gth scale) gives a more conservative resistance. The 
effect of strength can be seen by this figure to be practically 
negligible with regard to the prediction of either model. 


Synthetic ice tests 


At the time this program was started, a new synthetic testing 
material, developed by Dr. Bernard Michel at Laval University 
in Quebec, was available, and it appeared to have promise of 
giving better results than saline ice for ship model tests. No 
comprehensive ship model test, however, had ever been run in 
this material until this time. The material was expected to give 
better results than the saline ice tests primarily because of its 
better capability of modeling elastic modulus; that is, the ma- 
terial was stiffer than saline ice when the proper strength was 
reached for scaling. 

Tests on the two Louis S. St. Laurent models were the first 
ones accomplished in the new ARCTEC CANADA ice basin 


using synthetic ice as a testing medium. The tests were con- 
ducted in exactly the same manner as was used in saline ice in 
Columbia, Maryland. The full-scale range of the properties 
varied during the tests: thickness ranged from 1.2 to 4.9 ft, 
speed from 0.6 to 12.6 knots, and flexural ice strength from 88.2 
to 902 pounds per square inch. The data from this test series. 
are also contained in Appendix 2. Initial analysis of these data 
on a nondimensional basis revealed that the ice tests were not 
showing what previous saline ice tests had indicated was the 
normal variation with ice thickness. The dimensionless groups 
did not seem to eliminate the scatter which is normally found 
in data taken at a number of different thicknesses. Therefore, 
the test data were extrapolated to full-scale levels and analyzed 
in the full-scale domain on a dimensional basis. The results of 
this analysis are given in Table 4. Hull-ice friction proved to 
be a very difficult item to vary in the course of these tests. In 
addition, some phenomena were observed that were atypical 
of the usual full-scale performance of icebreakers, for example, 
extensive crushing along the side of the hull. In spite of these 
problems it can be seen from Fig. 9 that the results obtained 
when the friction values measured during the tests are used 
agree quite favorably with the results collected during the 
full-scale trials. The increase with velocity, however, seems 
to be greater than that given by the regression of the full-scale 
data. This may be due to an additional viscous component of 
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resistance offered by the synthetic material which would in- 
crease with velocity. During the course of the tests it also 
proved quite difficult to control the flexural strength of the test 
ice. Furthermore, due to the labor costs to deploy the synthetic 
ice, it turned out that the cost/per data point of synthetic ice 
tests was much higher than that for tests in saline ice. Because 
the results did not agree as well with full-scale data as with the 
saline ice tests, and because of the high costs of production ship 
tests in synthetic ice, saline ice tests were selected for the fol- 
lowing parametric resistance series. 

The purpose of these tests using the Louis S. St. Laurent hull 
form was to determine: ; 


Effect of geometric scale. 
Effect of ice strength. 
Effect of hull-ice friction. 
Effect of test mode. 
e Effect of choice of test medium on the correlation of model 
tests with full-scale performance. 


Of the two geometric models tested, it appears that the eth 
scale model agrees more closely with full-scale performance 
than the 4gth scale model. A lack of full-scale hull-ice friction 
data makes that evaluation not entirely reliable. It appears that 
for tests of concepts and evaluation of competing designs, a %ygth 
scale model also gives satisfactory results on which to base the 
evaluation. No unusual phenomena were observed in the 
differences between the 4¢th and '4gth scale model tests. 

The effect of ice strength on the predictor performance of 
the St. Laurent, based on the combined model data, is given 
in Fig. 10. Full-scale cantilever beam tests on Arctic sea ice 
have given flexural strength results varying between 40 and 70 


10 


psi. Figure 10 gives 100 psi as a conservative limit for flexural 
ice strength of Arctic ice. From this graph it is evident that 
variation in the strength of the ice encountered by an icebreaker 
causes very little variance in the performance and that progress 
through a 40-psi ice sheet is only approximately 1 knot faster 
than through a 100-psi sheet, even at the limiting performance 
capabilities of the ship. 

The effect of friction on the performance of the ship is much 
more pronounced. Figure 11 is an illustration of the effect of 
friction on the full-scale performance of the St. Laurent. 
When the ship is proceeding through ice cover with sticky wet 
snow, it is quite possible that her maximum capability could be 
reduced from four to three feet. If we were to take 34 ft as the 
performance limit with normal bare steel against clean ice, we 
would see that if friction could be reduced by 0.1 the speed of 
the ship could be increased well over a knot and a half. This 
might be possible with low friction coatings or bubbler sys- 
tems. 

Our analysis of the results from the constant-velocity towing 
tests and the inertial ramming tests indicates that the best 
method of conducting model tests is constant-velocity towing. 
Greater scatter in the data, which occurs due to individual 
pieces breaking in random fashion around the bow of the ice- 
breaker during a ramming test, makes that method impractical. 
Such scatter is not averaged out as it would be for a constant- 
velocity test. 

The choice of a medium still seems to indicate a preference 
for saline ice over the newly developed synthetic ice. Synthetic 
ice shows promise for use in certain types of model tests, for 
example, those involving deflection of ice, or impact of the ice 
against the hull, propeller, and appendages. For predicting 
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Fig.9 Synthetic ice tests compared with full-scale regression 


Table 4 Synthetic ice test results 
a the 1/36th model with a hull-ice friction factor of 


R = 186.48 + 0.071-10-* oh? + 26.933-10-* uh? 
correlation 
coefficient = 0.94 


aes the 1/48th model with a hull-ice friction factor of 


R = 68.55 + 4.07-10-? ofh? + 13.27-107? vh? 
correlation 
coefficient = 0.93 


on the 1/48th model with a hull-ice friction factor of 


R = 233.37 + .163-10~° ofh? + 25.469°10> vh? 
correlation 
coefficient = 0.98 

where 

R = icebreaking resistance, long tons 

0 = ice flexural strength, psi 

v = ship velocity, fps 

h = ice thickness, in. 


R=C,+C,oh? + Cyvh? 


with ; 
C, =a,+0b 
Ci =ay+daf 


R = (—6.80 + 470.92 f) + (0.518 — 0.695 f)10 °oh? + 
(7.703 + 34.835 f)10-?uh? 


resistance with ship model tests, however, the necessity to 
control friction, control ice strength, and collect great numbers 
of data points at minimal expense requires, for the present at 
least, saline ice. 


Parametric ice resistance tests 


In the Introduction, the requirement to quantitatively assess 
the influence of variations in length, breadth, draft, and block 
coefficient on icebreaker performance was developed. For 
the purpose of these tests, icebreaking performance was defined 
as resistance offered to motion of the icebreaker by level ice 
(that is, continuous icebreaking resistance). 

A series of seven different icebreaker models and two parallel 
mid-bodies was designed and constructed to vary length, beam, 
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Fig. 11 Effect of hull-ice friction on predicted resistance 


draft, and block coefficient in three steps, each over a range 
which would span the feasible range of these variables for the 
Polar VII. The center model in the beam-and-draft series has 
been chosen to have approximately scaled dimensions to those 
now expected for the new polar icebreaker. Table 5 lists the 
dimensions and model designation system of the models em- 
ployed in the parametric tests. Table 6 shows the expected 
dimensions of the Polar VII at the time of the test program, 
Model B2-H2, and the scaled-up version of B2-H2. 

As nearly as possible, each individual parameter has been 
varied independently of the others, with good design practice 
closely followed. For all but the two block variation models, 
the block coefficient was maintained at 0.56. Lines for two of 
the models (B2-H2 and H3) are shown in Fig. 12. The ap- 
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Fig. 12 Models lines for two hulls in the draft series 


Table 5 Characteristics of parametric resistance test models 


FRIC- 

BLOCK TION 

LENGTH, BEAM, DRAFT, COEFFI- COEFFI- 

MODEL cm cm cm CIENT SCALE’ CIENT 
H1,B2,L1,C2 239.2 42.8 13.9 0.56 71.3 0.208 
B2,H2,L1,C2 239.2 42.8 16.9 0.56 71.0 0.190 
H3,B2,L1,C2 239.2 42.8 20.3 0.56 123 0.213 
C1,B3,H2,L1 239.2 53.4 16.9 0.50 71.3 0.238 
C2,B32 01 2 239.2 53.4 16.9 0.56 nase 0.245 
C3,B3,H2,L1 239.2 53.4 16.9 0.625 f alee: 0.245 
BLH2-11,.C2 239.2 37.4 16.9 0.56 74108 0.228 
L2,B3,H2,C2’ 287.0 53.4 16.9 —b 7159 0.230 
L3,B3,H2,C2’ 334.5 53.4 16.9 —b 71.3 0.230 


4The models are referred to in the test by the italicized part of the mod- 
el designator. It indicates the main parameter for which the effect on re- 


sistance was sought. 


For the purpose of the regression analysis, the block coefficient of 
these models was assumed unchanged by the addition of length. 


Table 6 
DISPLACE- BLOCK 
DESIGNA- MENT, LENGTH BEAM, DRAFT, COEF- 

TION tons BP, m m m FICIENT SCALE 
Polar VII2 33,000 173.0 30.5 L252 0.5 full 
B2-H2 3a EW) 170.5 30.5 12.04 0.56 full 
B2-H2 0.09689 2.392 0.428 0.169 0.56 model 

A= 71.8 
2Preliminary design dimensions at start of parametric ice resistance 
study. 
Table 7 Parametric study model characteristics 
= Model identifier 
PARAM- 
ETER MODEL CHARACTERISTICS 
Cz = 0.50 Cp = 0.56 Cp = 0.625 (R-Class) 
Block L/B = 4,48 ————> 
ay 3 i 
AB/B3 =—30% AB/B3 = —20% 
Beam L/B = 6.4 L/B = 5.6 L/B =4.48 
B/H = 2.21 B/JH =2.5 fa) 3.15 
AH/H2 = —17.5% AH/H2 = +20% 
Draft L/B = 6.6 
B/H a) @) i = 2.5 B/H = 3.0 
AL/L1 = +20% AL/L1 = +40% 
Length L/B = 4,48 L/B =5.A1 L/B =6.30 
B/H = 3.15 


proach to maintaining block coefficient has been to maintain 
the same shape curve for sectional areas. The high-block ship 
is the original design for the R-Class icebreaker. The low- and 
middle-block ships have approximately identical midship 
section coefficients to the R-Class hull with finer lines fore and 
aft. Of course, addition of parallel middlebody for the length 
series results in higher blocks also. Table 7 shows the rela- 
tionship of the parametric models to each other. 


Results 


The models were tested in saline ice at the ARCTEC ice 
model test facility in Columbia, Maryland. The test procedures 
and facility have been described previously to the Society. 
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All tests were conducted with two models towed simulta- 
neously. The model surfaces were prepared, insofar as possible, 
in an identical way to produce similar values of hull-ice friction 
factors for all models. Although we were not entirely suc- 
cessful, the resulting values given in Table 5 do not exhibit large 
variation. The average friction coefficient was 0.23 with a 
maximum deviation from the average of 0.04. Later in the 
regression analysis of the data, we found that the effect of these 
small variations in friction factor was barely detected. 

One hundred and ninety-six data points were acquired in 
level ice, the thickness of which was varied between 0.73 and 
3.6 cm at model scale. The full-scale range for a geometric 
scale factor of 71.3, was 1.71 ft (0.52 m) to 8.4 ft (2.56m). The 
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model ice strength was varied between 0.016 kg/cm? and 0.1 
kg/cm?. The full-scale range was 16.2 psi (1.13 kg/cm?) to 111 
psi (7.83 Kg/cm?). The maximum model test speed was 70 
cm/sec, corresponding to a full-scale ship speed of 11.5 knots 
(5.9 m/sec). 

Measurements of ship resistance, ship speed, ice thickness, 
flexural ice strength, and elastic modulus were made for each 
test. The results are tabulated in Tables 26 through 37 in the 
Appendix. The dimensionless numbers R/p,gBh2, v/v gh, 
and of/pwgh were computed for each test and are tabulated 
with the raw data in the Appendix. 

The results of selected series of tests have been plotted in 
dimensionless form in Figs. 13-16. Figure 13 is a plot of R/ 
PweBh? versus v/V gh for the models with the largest and 
smallest beams. No difference between the two sets of data 
could be detected visually because beam was already included 
in the plot R/p»gBh?. Figure 14 is a similar plot for the models 
with the extreme values of block coefficient. In this plot it can 
be seen readily that the dimensionless resistance of the hull with 
a block coefficient of 0.625 is greater than that for the hull with 
a block coefficient of 0.5. 

Figure 15 is a similar plot for the models with extreme values 
of draft. A distinct augmentation of dimensionless resistance 
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is caused by increasing the draft from 13.9 to 20.3 cm or by 46 
percent. Figure 16 isa similar plot for the models with extreme 
values of length. It is difficult to detect, by visual inspection, 
any length effect on resistance despite a 40 percent increase in 
length. 

The test data were subjected to stepwise multiple regression 
analysis. In order for a variable to be accepted in the regression 
equation, its entry into the equation had to produce a reduction 
in the sum of the squares of the deviation from the regression 
which was significant at the 95 percent confidence level. 

All terms containing ship length were rejected, and the fol- 
lowing equation was derived: 


PwZBh2 = 5.7 + 0.147 : — 7.83 Cp? 
Ww 


oO 
Pwgh 


ee (—68.16 + 0.0477 


+ (—0.318 + 0.265f + 0.394 Cz) 


o 


Pwgh 


+ 293.73 Cy — 181.3 C2, + 0.249 =) (2) 
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Fig. 15 Dimensionless resistance versus Froude number for model 


“H1” and “H3” 


B= ship’s beam 
i= length 
Cz = block coefficient 
R = turning radius 
m = ship mass 
xg = distance of center of 
gravity from midship 
A, = rudder projected area 
a = rudder aspect ratio 
x, = distance of rudder cen- 
ter of pressure from 
midship 
6 = rudder deflection angle 
d= scale ratio 
h = ice thickness 
o, = flexural strength of ice 
p; = density of ice 
Pw Or p = density of water 
g = gravity constant 
Y, = lateral force derivative 
coefficient 


Pete Ba, Lt” 
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Fig. 16 Dimensionless resistance versus Froude number for 
models “C2, B3, L1” and “L3” 


Nomenclature 
N, = moment derivative co- 
efficient 
Y, = rotary force derivative 
coefficient 


N, = rotary moment deriva- 
tive coefficient 


Y,’, Ny’, Y-’, N,’ = nondimensional _ hull 
derivative _coeffi- 
cients as explained 
in Appendix 1 


8 = ship drift angle 

u = forward velocity com- 
ponent 

v = transverse 
component 


velocity 


V=ship speed or towing 
speed 
r = yaw angular velocity 
| = rotating arm length 
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Y; = rudder force derivative 
coefficient 
N; = rudder moment deriva- 
tive coefficient 
(Y.)7, (Ny); = derivative coefficient 
for control fins, that 


is, rudder 
(Y,)s, (Ny)s = derivative coefficient 
for step 
(Y,)¢s, (Nv)rs = derivative coefficient 
for rudder and step 


C, = rudder lift coefficient 
C = stability criteria 
C’ = nondimensional stabil- 
ity criteria 
X = ship’s 
forces 


Y = ship’s lateral forces 
N = ship’s moment 
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Fig. 17(b) R/p »gBH? predicted versus R/p,gBh? observed 
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Equation (2) equates dimensionless resistance to combinations 
of dimensionless strength o/pwgh, dimensionless velocity 
v/V gh, block coefficient Cg, draft-to-thickness ratio H/h, and 
hull ice friction factor f. 

Equation (2) cannot be guaranteed as the best fit to the data 
because we simply could not include all of the permutations and 
combinations of the various variables, particularly at higher 
orders, in the stepwise regression analysis. However, of the 
variables considered which could -have been selected by re- 
gression analysis, the ones shown are the significant ones at the 
95 percent confidence level. 

The multiple correlation coefficient for this regression was 
0.9914, with a standard error of 0.696 or 8.8 percent of the mean 
value of dimensionless resistance. 

To demonstrate graphically the degree to which equation 
(2) fits the data, the predicted values of dimensionless resistance 
R/ pwgBh? have been plotted against the observed values in Fig. 
17(a) for the Cg variation tests and in Fig. 17(b) for the draft 
variation tests. It is important to note that the values predicted 
by the regression equation are not biased with respect to the 
observed values for any of the different models; that is, data 
points for a particular block model or draft model are not 
asymmetrically distributed about the 45 deg line plotted in the 
figures. 

Equation (2) is valid only over the range of independent 
variables for which tests were made, as shown in the fol- 
lowing: 


LA ere 8 (3) 
PwRh 
13) 
25> > 0.2 4 
Veh ” 
0.625 > Cz > 0.50 (5) 
73.0 > ; > 10 (6) 


Equation (2) indicates that, for the range of variables tested, 
level ice resistance is a linear function of beam. Exercising 
the equation for a reasonable range of full-scale ice strength 
demonstrated that the influence of ice strength was virtually 
insignificant. The equation indicates that level ice resistance 
for the type of ship tested is influenced significantly by draft 
and block variations. 

Table 8 illustrates the effects of variations in block coefficient 
and draft on resistance in 7 ft (2.13 m) of ice at 3 knots (1.54 
m/sec) with an ice strength of 80 psi (5.6 kg/cm?) for a ship 
with a beam of 98.4 ft (30 m). 

A subroutine was developed which solved equation (2) for 
ice thickness for given values of propulsive thrust, speed of 
advance, ship breadth, draft and block coefficient, ice strength, 
and hull-ice friction factor. This subroutine formed one of the 
main constraints in the Icebreaker Feasibility Design Model, 
which is described in a later section of this paper. 


Maneuverability program 


Good maneuvering and coursekeeping qualities are recog- 
nized as being important requirements for icebreaking ships 
as well as for ordinary surface ships. Icebreakers particularly 
require high maneuverability for rescue and escort opera- 
tions. 

Techniques and theories for predicting the important char- 
acteristics of maneuvering and coursekeeping ability for ordi- 
nary surface ships have been perfected to a satisfactory level, 
but unfortunately very little effort has been exerted to under- 
standing these characteristics for icebreaking ships. The first. 
significant full-scale turning tests were conducted on the CCGS 
Labrador in sea ice during the winter of 1973, and thus pro- 


Table 8 Effect of draft and block coefficient variations 
on resistance 


Draft Draft Draft 

32.5 ft 31.45 ft 47.4 ft 
Cz (9.90 m) (12.03 m) (14.45 m) 
0.50 4454 476 512 
0.56 551 583 619 
0.625 589 620 656 


4Numbers are the values of resistance, in tons, for the 
following conditions: 


iii teen anc 30m (98.4 ft) 
Saeed pe ree 1.5 m/sec 3 knots) 
Ice thickness .. . 2.13 m os 
Ice strength ... 5.6 kg/cm? (80 psi) 
Hull ice friction factor... . 0.25 


vided the first full-scale data for the model and full-scale cor- 
relation study [13]. 

The objectives defined in the scope of the maneuvering 
program were first to validate the correlation between the 
model test results and Labrador full-scale turning tests and, 
second, upon the validation of the model testing technique, to 
determine the effects of block coefficient and ship length on 
the turning radius and directional stability. In order to ac- 
complish these objectives, a method of determining the ma- 
neuverability and directional stability was devised. 


Development of an icebreaking maneuverability model 
test technique 


One of the measures of maneuverability of a ship is the 
turning circle diameter. As the turning circle becomes smaller, 
a ship is said to become more maneuverable; that is, a ship can 
change its course more promptly with rudder movement. As 
such, the turning circle diameter of a ship appears to be the most 
direct measure of the maneuverability, and was selected in this 
program. 

The turning circle radius of a ship can be found using the 
linear theory of ship motion which has been well developed in 
the past [14]. This is given by 

eed Ce ee TE PEON il ge ote Fk (7) 
L YoN’s — N'Y 6 

In order to determine the turning radius, the hull force and 
moment derivatives (Y’,, N’p, Y’,, N’,) and the rudder force 
and moment derivatives (Y’6, N’6) must be determined. These 
hull derivatives can be found experimentally and the rudder 
force and moment derivatives estimated theoretically. 

If a ship can maintain a straight-line course without rudder 
action after a small disturbance (such as a disturbance caused 
by a nonuniform ice condition, wind, or current), she is said to 
be directionally stable and has good coursekeeping ability. In 
order to maintain a straight-line course, the yaw-and-sway 
velocity of the ship must be zero sometime after the disturbance. 
Whether the yaw-and-sway velocity becomes zero can be de- 
termined from the stability criteria derived from the same 
theory, and as given by 


C’= Yn (N’, i m’x’c) m7 Ns Ly i m’) >0 (8) 


This stability criterion can be computed with the hull force 
and moment derivatives determined experimentally. 

Design of an economical modeling system. Several ex- 
perimental methods can be employed to determine maneu- 
vering characteristics in level ice. The free-running model test 
is one of these methods and can be used for a given specific 
rudder design to determine the characteristics of a specified 
maneuver during the tests. This test requires a large maneu- 
vering basin, and model tests have to be conducted in different 
ice thicknesses with different rudder angle; consequently, the 
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WIND LABRADOR 
Scale Ratio (i) 1:36 
Length W.L. (ft) 6.94 250. 
Beam (ft) eke 62 
Draft (ft) 0.72 25.75 
Block Coefficient 0.47 0.47 
Displacement (lbs) 252.5 5360 L. Tons 
Friction Factor 0.28 


Fig. 18 Lines of Labrador and Wind model with step 


test is very expensive. Other indirect experimental methods 
provide the information on hull force and moment derivatives 
and are more versatile to apply to the prediction of maneu- 
vering performance. Among these, the planar motion mech- 
anism, oscillator, and rotating arm methods were considered. 
Although the test results obtained using the planar motion 
mechanism (PMM) can provide the most complete information 
on the hull force and moment derivatives, the construction of 
a PMM system suitable for ice tests, and the reduction of the 
data obtained during the PMM tests in ice, was expected to be 
very complex and costly. In addition, the statistical time- 
varying nature of icebreaking forces would complicate analysis 
of such tests where turning rate is constantly varying. For the 
same reason, oscillation techniques were also ruled out. Con- 
sequently, the rotating arm test method was adopted where a 
ship model is towed along a segment of a circle. 

Two different types of tests were devised; one was a 
straight-line test and the other a rotating test. In the straight- 
line tests the models were towed at constant velocity along a 
straight line parallel to the basin with a drift angle varying 
between —8 and 12 deg. This straight-line towing of a model 
with a drift angle generated a transverse velocity component 
and thus provided the data to plot the forces and moments 
against the transverse speeds. The distance of travel for each 
run was about two ship lengths. In the rotating tests, the models 
were towed along an arc segment by the rotating arm. This 
rotation generated a pure yaw angular velocity in the model. 
The rotating tests thus provided the data to plot the longitudinal 
forces and moments versus the yaw angular velocity. The 
lengths of the arc segment tests were 15.4, 12.2, and 9.6 ft, re- 
spectively (4.7, 3.7, and 2.9 m). 

Full-scale/model-scale correlation. Labrador full-scale 
turning tests were conducted south of Lowther Island on Oc- 
tober 27, 1973 [13]. The ice on the turning course was an av- 
erage 11 to 12 in. (28 to 30 cm) thick with a slight pressure no- 
ticed in some places. The ice strength measured during these 
tests was 4.8 kg/cm? (68 psi). The tests were run with full 
power (approximately 8300 shp) with the rudder hard over, that 
is, a 37.5-deg rudder angle. The positions of the vessel during 
the turning tests were obtained accurately with a two-station 
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hydrodist system. Two turning paths were thus obtained, one 
right-hand and one left-hand turn. 

An existing 4gth-scale Wind-Class model was selected as a 
substitute for a Labrador model for the full-scale/model-scale 
correlation program. The two ships have exactly the same hull 
forms except that the step in the bow is not present on Labrador. 
The lines drawings and principal dimensions of a Wind-Class 
icebreaker on which the model is based and of Labrador are 
given in Fig. 18. The tests were conducted without a rudder. 
The Wind model was towed at a full-scale equivalent 12.7 and 
10.1 knots, respectively, in ice whose full-scale equivalent is 1 
ft (30 cm). The strength of ice was maintained during the 
model tests at a level equivalent to 4th that observed at full 
scale. A summary of the model test data is given in the Ap- 
pendix. The model test data were reduced and then nondi- 
mensionalized in a manner similar to that used for the analysis 
of continuous icebreaking towing test results, to allow direct 
comparison with full-scale test data and also to reduce the 
number of variables for analysis. An example of the data col- 
lected is given in Fig 19, which shows the rotary force versus 
yaw velocity in nondimensional terms. The dimensional 
version of the derivative coefficients (Y,, Y,, Ny, Ny) required 
to compute the turning radius and stability criteria was obtained 
by computing the slope of each force versus velocity curve at 
the origin and then multiplying by the appropriate distortion 
ratio. For example, to compute Y,, the slope of Y/py»gBh? 
versus v/V gh was first evaluated at v//gh=0. This slope was 
then uke by the distortion ratio p,,gBh2/V gh to produce 
Y,. These are expressed in the following form: 


Pw&Bh* Y 


Yo = Yor POF where eareeeaie / Tai (9) 

Ny = No* Sone where N,* = sae / aa (10) 
Y, =Y,* Pat where Y,* = ae i Ta (11) 

N, =N,* ea where N,* = ae / Valk (12) 
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where Y,*, N,*, Y,*, and N,* are nondimensional force and 
moment slopes measured at origin from force versus velocity 
plots, and the multiplication factors appearing in the equations 
(9) through (16) are distortion ratios. These distortion ratios 
are computed from a given ship’s beam, length, ice thickness, 
gravity constant, and water density. The values of these ratios 
are the same for both the model and for the full-scale ship. 

The Wind-Class model was tested without the rudder. The 
effect of the rudder on the hull derivative coefficients was ac- 
counted for as was the effect of the step of the Wind model. It 
was assumed that these effects could be corrected for, using the 
theory developed for open-water tests [15]. The derivative 
coefficients for the step or the fixed rudder were found from 
relationships of the following form: 


(Y.)y = =a (13) 
(No)¢ = (Yo)¢ + x¢ (14) 
(Y,)¢ = (Nos (15) 
(N,)¢ = (Yo)g + x¢ (16) 


The combined derivative coefficients for the rudder and the 
step were then computed by adding algebraically the coeffi- 
cients computed using equations (13) through (16), for both the 
rudder and step, to the experimentally derived coefficients in 
Table 9. The principal characteristics of the rudder and the 
step required for the computation of the derivative coefficients 
are given in Table 10. The computed derivative coefficients 
for the rudder step are given in Table 11. The hull derivative 
coefficients corrected for the effect of the rudder and the step 
are listed in Table 12. 

The rudder deflection force and moment derivative coeffi- 
cients were computed as follows: 


p 6Cy 

=— ———— 
Y; 94 V 3B (17) 
Ns = — Ys- xf (18) 


where V is the flow velocity at the rudder. 

Using the value of ship speed for V, the rudder force deriv- 
ative (Ys) was reduced by a factor of 0.65 to account for the 
wake and race effects on a counterline rudder between twin 
screws [16]. 

The corrected model derivative coefficients from Table 12 
and the corrected rudder force and moment derivatives from 
equations (17) and (18) were inserted into equation (7) to 
compute turning radius per unit ship length. 

The turning circles predicted from the model test results are 
shown in Fig. 20 compared with the full-scale turning circle. 
The full-scale turning radius obtained graphically for the 
right-hand turn varied between 790 and 1164 ft. The pre- 
dicted turning radius is on the other hand, 820 ft, and this lies 
well within the range of the measured turning radius. As for 
the left-hand turn, the predicted turning radius is 685 ft and 
the measured turning radius ranges between 275 and 993 ft. 
Again, the predicted turning radius is well within that range. 
In order to look at this result from a different aspect, the turning 
radius per ship length of the model prediction and for the 
full-scale tests is plotted against the approach speed in Fig. 21. 
The fair agreement exhibited between the model predictions 
and the Labrador full-scale test results prompted the under- 
taking of the parametric maneuvering tests using these simu- 
lation techniques. 


Parametric model tests 


For the parametric model tests, three of the models tested 
in the parametric resistance test program were used to deter- 
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Fig. 19 Nondimensional rotary force versus yaw velocity for 
Wind model 


mine the effects of hull form on icebreaking resistance. These 
were the “C2, B3, L1” model, the “C3” model, and the “L2” 
model. These three models are designated Model 1, Model 2, 
and Model 3 in this section. Models No. 1 and No. 2 are block 
coefficient series models and Models No. 1 and No. 3 are length 
variation models. These models were tested together with the 
rudders fixed on the centerline. If Model No. 2 is scaled up 
using a scale ratio of 36, the full-scale ship becomes an R-Class 
icebreaker. Ata scale ratio of 72, Model 1 simulates an ice- 
breaker similar to Polar VII. Therefore, for the parametric 
model tests, a scale ratio of 72 was selected for the model 
properties and model towing speeds. Models 1, 2, and 3 were 
towed to a model speed equivalent to a full-scale speed of 6 
knots through model (saline) ice fields of a thickness equivalent 
to a full-scale thickness of 3 ft (91 cm). In order to determine 
the effect of ice thickness on turning radius, Model 1 was towed 
through a model ice field equivalent to a full-scale thickness of 
6 ft (183 cm) at a full-scale velocity of 3 knots. A summary of 
the model test data is included in the Appendix. Plots of 
nondimensional sway force and rotary moments versus non- 
dimensional sway and yaw velocity were then used to develop 
dimensionless derivatives in a manner identical to that pre- 
viously described for the Labrador model tests. The dimen- 
sional hull derivative coefficients were then calculated by 
multiplying by the distortion factor based on the desired ice 
thickness. 

Since the parametric models were tested with the rudder, the 
effect of the rudder on the hull derivative coefficients is already 
included. The dimensional hull derivative coefficients for the 
parametric models are listed in Table 13. The units of deriv- 
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Table 9 Hull derivative coefficients for Wind-Class model 


(uncorrected) 
v (knots) =e Ny Yr aia 
Aeiecee ft-lb Ib ft-lb 
speed fps fps rad/sec rad/sec 
Labrador i UMS 274.90. ~—4.09ga—5 78.1 
Labrador 10:15) —O4i 3.02 eh OO 412-9 
Table 10 Model rudder and step dimensions 
RUDDER STEP 
Rudder dimension 
(chord X span, ft) 0.42 X 0.28 
Projected area, 
sq ft 0.12 0.09 
Aspect ratio, a nay) O205= 
Lift curve slope 
Cr 
98 a 2.36 1.66*** 
Distance from midship 0.965 L 0.86 L 
2 2 
*Ratio of step thickness to step depth. 
** Obtained from Jones’ formula [10] 
6Cy, # Ta 
5g 2 
***Fyrom reference [15], p. 502, for a flat plate. 
Table 11 Model hull derivative coefficients for 
rudder and step 
Rudder Dae OF Olay ee taka =a 
Step ois ea. 007 3 0. GO mE 06.6 DOR 
Combined 12.7 —0.0034 1.80 1.80 6029 
Rudder 10.1 —0.0089 0.90 0.90 O26 
Step LOA 020062 5a 0 53a Oba sll 
Combined 10.1 —0.0027 1243 1.43 —48.3 


Table 12 Wind-Class model derivative coefficients 
corrected to Labrador 


—0.138 —3.10 
—0.144 —2.49 


257 
10.1 


Labrador 
Labrador 


ma29 
—2.66 


—639.0 
—461.9 


ative coefficients are in feet, pounds, and seconds. 

The rudder dimensions for the parametric models are given 
in Table 14. 

Since the Polar VII will have triple screws with one rudder 
behind the center screw, the effects of wake and race were 
accounted for by using normal force ratios presented in [16] for 
a rudder behind a single screw. 


Effect of block coefficient on turning radius 


The test results of two models, which were identical except 
for the block coefficient, were compared to evaluate the effect 
of block coefficient on the turning radius. The turning radii 
of the two ship models predicted for a turn in a level ice field, 
3 ft thick at a speed of 6 knots, are plotted in Fig. 22 versus the 
rudder deflection angle. The turning radius per unit length 
of the model with the lower block coefficient is about 3.3 and 
that of the model with the higher block coefficient about 6.3 
at a rudder angle of 35 deg. The increase in the block coeffi- 
cient from 0.555 to 0.625 has resulted in the increase in di- 
mensionless turning radius of 95 percent. The reason for this 
significant increase in dimensionless turning radius seems to 


be that for the hull with the high block coefficient, the slope of 


the hull, as the midship section is approached, is more nearly 
vertical than that of the low block hull. Consequently the 
icebreaking forces and moments developed in a turn of a given 
radius will be higher for the high-block hull than for the low- 
block hull. Conversely, with similar available turning forces, 
the radius of the turn will be larger for the high-block hull 


form. 


Effect of length variation on turning radius 


Two models were tested which were different only as to 
length of parallel middlebody; one model was 20 percent longer 
than the other. The predicted turning radius per unit ship 
length of each of the two models is plotted versus rudder angle 
in Fig. 23 for an approach speed of 6 knots. As can be seen in 
the figure, the turning radius of the longer ship is significantly 
greater than that of the shorter model. The turning radius per 
unit ship length is 10.4 for the longer model and 3.0 for the 
shorter model at a rudder angle of 85 deg. An increase in ship 
length of 20 percent caused an increase in turning radius per 
ship length of 300 percent. The absolute turning radius has 
increased by 366 percent as compared with that of the shorter 
model. The stability criteria also indicate that the longer model 
is more directionally stable. A simplified explanation for this 
greater turning radius is that for a ship to turn in ice, the ship 
side must break ice. The longer model must break ice over a 
greater length than must the shorter model in a turn of equal 
radius. Hence, the tests predict much higher forces and mo- 
ments for the longer ship to achieve the same radius turn, and, 
conversely, the ship will execute a much greater radius turn 
with the same available turning forces. 

Model 1 was tested in two different ice thicknesses to com- 
pare the turning radius. For one test, the ice was 8 ft thick (full 
scale) and the approach speed was 6 knots. For the other test, 
the ice was 6 ft thick (full scale) and the approach speed was 3 
knots. The ice strength was about 70 psi. The turning radius 
per ship length is 6 ft, and in 3-ft-thick ice is plotted in Fig. 24 
versus the rudder deflection angle. As can be seen in the figure, 
the turning radius is greatly influenced by ice thickness. By 
increasing the ice thickness from 8 to 6 ft, the turning radius 
per ship length increased from 3.3 to 87.5 at a rudder angle of 
35 deg. The turning radius in 6-ft-thick ice is 11 times greater 
than that in 3-ft-thick ice. 

Pathkeeping ability and maneuverability of a ship can also 
be evaluated from the plot of yaw velocity versus rudder de- 
flection angle. This curve indicates the heading angle change 
per unit time at a certain rudder angle. The yaw angular ve- 
locity for the parametric models is plotted in Fig. 25 versus the 
rudder angle. If the slope of the yaw angular velocity curve 
at zero rudder angle is negative, a ship is directionally stable. 
If this slope is positive, a ship is directionally unstable. The 
marginally stable ship would have an infinite slope. 

Another method of determining the directional stability of 
a ship is to theoretically compute the stability criterion as de- 
scribed earlier. If this value is positive, a ship is directionally 
stable. The values of the stability criterion for each model for 
a rudder angle of 30 deg are listed in Table 15. 

It can be concluded from these plots that all parametric 
models are directionally stable in ice. More specifically, ships 
of higher block coefficient are more stable than ships of lower 
block coefficient, and longer ships are more stable in level ice 
than shorter ships. All ships are generally more stable in thicker 
ice. 

As for the maneuverability, the opposite is true; that is, lower 
block coefficient ships and shorter ships are more maneuverable 
in thick ice. 

Therefore, as far as the hull form is concerned, better ma- 
neuverability and better coursekeeping ability create a conflict 
in designer-selected parameters. But better maneuverability 
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Fig. 20 Labrador trial turning circle and predicted turning circle 


can be achieved if required by improving the rudder design, 
that is, by increasing the number of rudders, the rudder pro- 
jected area, and by improving the hull form around the rud- 
ders. 


Conclusions 


The first objective of the icebreaking maneuvering program 
was to confirm the validity of the model maneuvering test 
techniques. This objective has been met in that the model 
prediction for the turning radius of Labrador was in satisfactory 
agreement with the Labrador full-scale turning circle data. 

The second and third objectives of this model test program 
were to determine the effect of block coefficient and ship length 
on the ship maneuverability and coursekeeping ability. These 
objectives were met, and the following conclusions were 
reached: 

¢ Block coefficient is a significant parameter in determining 
ship maneuverability in level ice. Increasing block coefficient 
(without change to other parameters) will produce greater 
turning radius in ice. More specifically, the turning radius per 
ship length increased from 3.3 to 6.3 by increasing the block 
coefficient from 0.555 to 0.625. Thus, higher-block ships are 
less maneuverable in ice. 

¢ Ship length is an extremely important parameter for the 
maneuverability. The increase of ship length by 20 percent 
resulted in the increase of turning radius by 305 percent. 

¢ Generally, ships are directionally stable while continuously 
moving through level ice. Longer ships and higher-block ships 
have more directional stability and thus better coursekeeping 
ability. 

¢ Since this model maneuvering test technique has proved 
to be a sound means to evaluate the maneuverability and 
coursekeeping ability of a ship, it is recommended that model 
maneuvering tests be included in future ice model test programs 
to determine the maneuverability and coursekeeping ability 
of contemplated icebreaking ship designs. 


Icebreaker Feasibility Design Model 


The Icebreaker Feasibility Design Model is a computerized 
preliminary design tool. It is described in general by Melberg 
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Fig. 21 Labrador trial turning radius and predicted turning 
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et al [1]. It isa simulation of the iterative process normally used 
by naval architects to produce a ship design with a given set of 
owners’ requirements and constraints. Table 16 lists the 
owners’ requirements which may be handled by the program. 
The program is started with a reasonable set of values for L/B, 
B/H, Cg, Cp, A, and SHP. Checks are made to determine 
whether that set can satisfy the owners’ requirements. If they 
do, the cost of the ship is calculated. A random-number gen- 
erating program then selects new values for one of the foregoing 
variables. The range of allowed values for the variables is 
shrunk exponentially as the program iterates, gradually con- 
verging upon a set of those values which simultaneously satisfies 
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Table 13 Dimensional hull derivative coefficients (full scale units) 


MG N, 

Model 1 —0.485 O10 
Model 2 —0.519 —6.01 
Model 3 —0.858 —0.91 
Model 1 

in 

thick 

ice DAD) 17.00 


Table 14 Rudder dimensions for parametric models 


Model scale Full scale 
Rudder size 
(chord X span) 0.38 x 0.209 ft DTe4 Xba Ostt 

Projected area 0.079 sq ft 411.0 sq ft 
Aspect ratio il feiil 1.81 
aC 
— (per radian) 2.75 2.75 

aB 

Ice thickness (full scale) = 3 ft 


a0 Approach speed = 6 knots 
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Fig. 22 Turning radius of block coefficient models 


the owners’ requirements and which produces the least-cost 
ship. This technique was first applied to ship design optimi- 
zation by Mandel and Leopold [17]. The important calcula- 
tions which the program carries out are listed in Table 17. 
The most influential constraint in the program is the mini- 
mum acceptable level ice thickness which the owners desire the 
ship to negotiate at a constant speed (usually assumed to be 3 
knots). Equation (2), which was derived from the extensive 
parametric tests described earlier, was formulated into a sub- 
routine which permitted its solution for the value of level ice 
thickness which can be broken continuously, given the current 
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Fig. 23 Turning radius of length variation models 


values for ship breadth, draft, block coefficient, hull-ice friction 
factor, shaft horsepower, and desired speed of advance. With 
this subroutine incorporated into the program, it was run to 
check the major hull parameter selection of the preliminary 
design. 


Running the Feasibility Design Model 


Two runs of the model were made, one for the conditions 
provided by the designer (German and Milne) as summarized 
in Table 18, and one with a reduced level of endurance [16 
full-power days (FPD)]. 

The main parameters of the two ships are 


Endurance, FPD 21 16 

Cost, $ 181 x 106 155.8 x 106 
LBP, ft 583.9 583.4 
Beam, ft 100.54 91.83 
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Fig. 24 Turning radius in differing ice thicknesses 


Power, shp 83,866 83,089 
Draft, ft 41.67 35.58 

Full-load displacement, tons 37,119 29,977 
Fuel weight, tons 9,362 7,053 


Both ships are long, reflecting the fact that length does not in- 
fluence resistance in the program, and increases the cost 
through the cubic number. The major cost in the program is 
the hull steel. It has been found, by regression analysis of ice- 
breaker cost data, to be a linear function of cubic number. 
Consequently, an equal percent change in length, breadth, or 
depth produces an equal percent change in cost. Since de- 
creasing breadth and draft reduces resistance, the length would 
not be reduced; rather, the beam and draft would be reduced. 
The beam, draft, and block coefficient seem to be inter- 
changeably varied to achieve a minimum-cost ship. 

The effect of endurance on ship size and cost for the same 
performance is significant. Changing endurance by 25 percent 
results in a 15 percent change in cost. 


Summary and Conclusions 


In this paper we described an extensive experimental pro- 
gram to support the rational selection of main hull parameters 
and installed power for a new Arctic icebreaker which would 
produce the lowest initial-cost ship consistent with the perfor- 
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Fig. 25 Yaw velocity versus rudder angle for parametric 
models 


mance requirements of the Canadian Coast Guard. The pro- 
gram was divided into four elements, with certain objectives 
associated with each: 

¢ Model/full-scale correlation study and medium selec- 
tion: 

(a) Assess the validity of model/full-scale correlation in ice 
fields ranging in thickness from 2 to 6 ft. 

(b) Compare the capability of model ramming tests with 
that of towed tests for predicting full-scale continuous ice- 
breaking performance. 

(c) Assess the feasibility of using model tests in synthetic 
ice to predict full-scale continuous icebreaking performance 
in level ice. 

(d) Assess the influence of friction and ice strength on the 
continuous icebreaking performance in level ice. 

(e) Assess the influence of model scale on the predictive 
capability of towed model tests in saline ice. 

e Parametric ice resistance tests: 

Assess the influence of the variation of the hull parameters— 
beam, draft, length, and block coefficient—upon the continuous 
icebreaking performance of modern icebreaker-type hull in 
level ice. 

¢ Icebreaker maneuverability program: 

(a) Develop a technique for predicting the maneuvering 
characteristics of icebreaking ships while proceeding through 
level ice and compare the results obtained by this technique 
with full-scale results. 

(b) Predict the effect of variations in length and block 
coefficient upon the turning capability of an icebreaker moving 
steadily through level ice. 
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Table 15 Directional stability criteria for 
parametric models 


Ice thickness, Towing Stability 

in. speed, fps criteria C 

Model 1 0.5 ilo?) 0.00161 

Model 2 0.5 1.2 0.00334 

Model 3 0.5 ile 0.00382 
Model 1 1.0 0.6 0.2947 


Table 16 Owner's requirements which can be handled by 
the computerized Feasibility Design Program 


ITEM HOw ENTERED 


Minimum desired continuous 
icebreaking resistance at a 
given speed 

Minimum endurance (expressed 
in full-power days) 

Minimum ramming-mode ice 
thickness (at a given impact 


inequality constraint 


inequality constraint 


speed ) inequality constraint 
Minimum desirable free route 
speed inequality constraint 


Maximum or minimum beam, 
length, or draft 

Minimum acceptable GM in 
beached-on-ice condition 
eee speed—no ice 
ailure ) 

Accommodations 

Stores capacity 

Cargo capacity 

Helicopter, oceanographic, 
communications, and 
control capacity 


inequality constraint 


inequality constraint 
number input to program 
days input to program 
weight input to program 


weight input 


e Least-cost hull selection program: 

Determine the major dimensions, required propulsive power, 
and cost of an Arctic icebreaker which meets the performance 
requirements stipulated by the owner. 

Based upon the results of this program we conclude the fol- 
lowing about each of the respective program elements: 

¢ Model/full-scale correlation study and media selec- 
tion: 

(a) Satisfactory correlation between the performance of 
the CCGS Louis S. St. Laurent in level ice, as predicted by 
model tests in saline ice and measured during field tests, was 
obtained. 

(b) Model tests to measure the resistance offered by level 
ice to the motion of a ship were conducted using constant-speed 
towing tests and nonpropelled, inertial ramming tests. Both 
predict similar values of resistance; however, the ramming tests 
exhibit large dispersion in the data. Hence, continuous towed 
tests are preferable. 

(c) When the results of constant-speed towing tests in 
synthetic ice are used to predict full-scale performance, the 
full-scale results are on the high side. Due to logistic problems, 
such tests consume more time and labor than similar tests in 
saline ice. Furthermore, to control or vary hull-ice friction over 
several steps using synthetic ice requires the use of exotic 
coatings. Consequently, saline ice was considered to be the 
more flexible and cost-effective medium for subsequent 
tests. 

(d) A variation in model ice flexural strength over the range 
of equivalent values of full-scale ice strength normally en- 
countered in the Arctic (40 to 100 psi) produces a 40-percent 
change in mean speed of advance predicted for the CCGS Louis 
S. St. Laurent in level ice 3 ft thick at full power. A variation 
in model hull-ice friction factor from 0.1 to 0.4 produces a 
predicted 600 percent decrease in mean speed of advance under 
the same conditions. We conclude that the effect of strength 


Table 17 Important elements of Icebreaking Feasibility 


Design Program 


1. Calculation of required freeboard. 

2. Calculation of maximum ice thickness which can be 
broken in the ramming mode for a specified-impact 
speed. 

3. Calculation of available thrust (screw size limited by 
desired number, draft and breadth). 

4. Thickness of level ice which can be broken in the con- 
tinuous mode [a subroutine for solving equation (2) 
implicitely for ice thickness, given desired advance 
speed, beam, draft, block coefficient, available thrust, 
and ice strength). 

5. Estimate of free route gpeed using actual model open- 
water resistance (dimensionless) for the M-13 hull 
(Polar Star). 

6. Estimate of weights based upon regression analyses of 
weight data from Wind-Class, Fuji, San Martin, Louis S. 
St. Laurent, and Glacier as follows: 


U.S. NAVY VARIABLE USED 


SYMBOL WEIGHT GROUP TO ESTIMATE 
Hull steel il f (cubic No.) 
Mach. & electrical 2&3 f (SHP) 
Auxiliary systems 5 f (cubic No., SHP & 
complement) 
Outfit 6 f (CN, comp, Lpp, D) 
Loads None f (comp, days oF stores) 


7. Calculation of moments. 
8. Calculation of GM at the conclusion of an unsuccessful 
ram. 
9. Calculation of construction costs. 
10. Calculation of allowable 7 for 10 percent back 
cavitation. 
11. Calculation of full-power days. 


Table 18 Design conditions for Polar VII 


Maximum beam, ft... eee eee 106 
Maximum draft} tt) 9). Lee AQ 
Minimum endurance, full power days ... 21 


Ramming-mode ice thickness, ft ....... 
Continuous-mode ice. thickness........ 
Free running speed, knots ' 


©. ‘er isi 48) ‘ee! im: w, whe Ser te 


on resistance is relatively small while that of friction factor is 
large. 

(e) A scale effect is evident in model ice resistance tests. 
The '4sth-scale models predict higher resistance than the 
eth-scale models with divergence increasing from zero to 10 
percent as ice thickness Froude number increases from zero to 
2.0. At low speeds typical of the limiting conditions of ice- 
breaker performance, scale effect is negligible. 

e Parametric resistance tests: 

Analysis of the results of the parametric resistance tests in- 
dicated the following for the range of variables tested: 

1. Level ice resistance is a linear function of beam. 

2. Level ice resistance is not significantly affected by 
changes in waterline length (although later tests showed length 
effect on maneuvering capability). 

3. Level ice resistance increases linearly with increasing 
draft. 

4. Level ice resistance increases nonlinearly with block 
coefficient. 

5. The effect of draft and block coefficient on level ice 
resistance is large enough to influence the selection of param- 
eters for an icebreaking ship with minimum initial cost in 
mind. 

e Icebreaker maneuverability program: 

(a) A technique was developed for predicting the steady- 
state turning circle and stability criteria for icebreaking ships 
operating in level ice. Model predictions for steady-state 
turning circle agree reasonably well with limited data available 
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from two full-scale turning tests of the CCGS Labrador. 

(b) Length, block coefficient, and ice thickness were 
identified as the variables strongly influencing steady-state 
turning circle in level ice. 

e Least-cost hull selection program: 

(a) The preliminary major dimensions of a least-cost Arctic 
ice-breaker were selected by an optimization program which 
incorporated the continuous ice resistance predictor equation 
derived from the parametric model tests. The results showed 
that the required endurance at full power has a strong influence 
on ship size and cost. 

(b) It is particularly interesting to note that the final design 
parameters are in close agreement with the results of the Fea- 
sibility Design Program. The final selection of particulars was 
inevitably influenced by detailed considerations not included 
in the Feasibility Program, and differences between the two 
can therefore be expected. However, the agreement is none- 
theless remarkably close, as the following tabulation shows: 


From 
Feasibility Final 
Parameter Program Figures 
Length, BP, ft 583.9 Wes’ 
Draft, LWL, ft 41.7 40.6 
Breadth, LWL, ft 100.5 101.6 
Block coefficient 0.5117 0.535 
Displacement, LWL, LT 35,772 36,405 
Estimated cost, $ (1975) 182 M 165 M 
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Appendix 


Tabulated data 


Table 19 Continuous-icebreaking resistance test results: 14¢th model test data—CCGS Louis S. St. Laurent 
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Table 20 Continuous-icebreaking resistance test results: 43th model test data—CCGS Louis S. St. Laurent 
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Table 21 46th model ramming test resultt—-CCGS Louis S. St. Laurent 
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Table 21 (Continued) 
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1.321 
0.930 
0,660 
0.330 
0.158 
0.079 
0.987 
u,655 
0.329 
0.157 
0.079 
1.317 
0.987 
0.658 
0.329 
0.157 
O.079 


Table 22 4gth model ramming test results—CCGS Louis S. St. Laurent 


Date and Charge 
Ice Sheet No. No. 


2-24-75 1 
Is #1 

" 2 

u 3 

: 4 

ie 5 

Ww 6 

2-24-75 7 
IS #1 

2-25-75 1 
IS #2 

" 2 


R 


CTs md ot 
CM OTs Ty 
63 7) 0 00 00 


WT ms Ts oT 
Fowl ine on 
oe No oo 


1 BS ay 


2.88 | - 
2.87 


v 
(cm/sec) 


TTS. UG 

3.00 
69,00 
46.00 
23,00 
115.00 
93.00 
69.00 
46.00 
ao. 06 
115.00 
93.00 
69,00 
46.00 
23.00 
140,00 
115.00 
“33. 00 
63.00 
46.00 
23.00 
115.00 
93.00 
69.00 
46.00 
23.00 
115,00. 
93.00 
69.00 
46.00 
23.00 
125.00 
eee 
63.00 
46,00 
rescaa | 
115, 00 
32.00 
69.00 
$6. 00 
2s. 00 
11.00 

Sao8 
115.00 
92.00 
69.00 
46.00 
23.00 
£4.00 

5.50 
fe. 00 
63.00 
46.00 
23.00 
11.00 
5.38) 


0 


o.19 
D. 15 
A b=) 
G19 
i. 12 
0.19 
0.19 
0.13 
o.19 
Q.19 


So ese oe 


FOC OOOO SOS COCoOOSOoaas 
. 
Ot ee et et ot 


= 
. 
i 


AUN KO aa ot oe ao 


(gon?) 


1.832 


o 
ae 
p ah 
50.67 
50.67 
50.67 
50.67 
50.67 
50.26 
50.26 
50.26 
50.26 
50.26 
49.48 
49.43 
49.48 
49.48 
49.48 
47.50 
47.50 
47.50 
47.50 
47.50 
47.50 
45.10 
43.10 
43.10 
43.10 
43.10 
52.05 
52.05 


52.05 


Die Ua 
vag |e 
57.40 
57.40 
57.46 
SP. 40 
57.40 
B77 
67.73 
6y.re 
B7.7s 
Star ruts: 
brets 
Grats 
So. 8a 
59.65 
bs 
S355) 
59.65 
59.65 
Boo 
aosen 
S3.25 
59.23 
ve in Pyne 
au.io 
59.23 


7.10 
6.50 


6.05 
5.04 
4.31 
3.47 
6.54 
5.86 
4.33 
4.00 
3.04 
vers 
6.43 
5.99 
5.99 
5.67 
4.26 


15.26 
eS Re: 
11.40 
9.55 
3.55 
15.00 
13.22 
Veo 
10.17 
9.36 
2.98 
5.61 
12.48 
10.23 
3.02 
3.85 
7.86 
6.10 
avet 
11.¢6 
3.90 
8.09 
6.87 
5.32 
4.27 


30 


Table 22 | (Continued) 


Date and Charge RF h 
Ice Sheet No. No. (kg) (em) 
2-25-75 4 Kl 


IS# 


moO 


cooocooaccso 


cn enon an en og os 
cn oon on cn in 


fo ro ns To To fa Fo Po To ss 
he 


Bin moo oo 
“JT Bile het 
wea ce Cte Cs 


a 
un 


(em/see) 


Eire 
ne 
fle 
iN 
a. 
le, 
a. 
o. 
Oo. 
Oo. 
Ne 
o. 
it 
the 


tng lent) 


e R 
0,9 0,9 Bh? 
: 14.44 
: 12.99 
: 11.04 
; ee aE 
‘ 5.49 
3 4.45 
ar 12.57 
6. a? 10.42 
bo. 67 3.64 
Bb. T 7.80 
B6.87 (ote 
Bb. 87 Bert 
B6.57 5.41 


Table 23 Continuous-icebreaking resistance tests: 14sth model test data in synthetic ice— 
CCGS Louis S. St. Laurent 


Ice Sheet Run R h D of Be E/ % Friction 
Number Number (kg) (cm) (cm/sec) (kg/cm?) (kg/cm?) °f — (kg/cm?) 
1 1 128: PKS, ese .18 96 533 -40 = 
1 2 6.3 1.65 90.0 .18 96 533 .40 = 
1 3 3.3 5 2sniaes2 .18 96 533 -40 - 
2 1 i,3 gol oeette a7 - - .20 .56 
2 2 6.3 2 1203! 93.6 AF 4 5 .20 56 
2 3 3.40 91029 46.5 AZ “ 2 .20 56 
3 1 5.4) ©2290 4730 .30 220 666 .23 51 
3 Z "18.8 3.00 84.7 .30 220 666 .23 51 
3 3 9.6 3.00 41.0 .30 220 666 123 51 
4 1 4.6 » 2.50° 6.2 .26 173 665 .20 - 
4 2 12.2 Baess09 '62%5 .26 173 665 .28 - 
4 3 6.8 2.50’ 38.7 .26 173 665 .28 - 
5 1 3:5 Pe R798 aT 2 .87 875 1006 1.18 - 
5 2 7.9 1.87 85.2 .87 875 1006 1.18 = 
5 3 6.4 1.94 39.7 .87 875 1006 1.18 - 
6 1 19 Belo hea ed 1.32 1639 1241 .92 .44 
6 2 5.0 .97 82.3 1.32 1639 1241 .92 44 
6 By 2.6 .90 39.9 1.32 1639 1241 .92 44 
7 1 5.4 2:53. 7.0 .97 933 961 .97 .50 
7 2 12.9 2.49 81.0 .97 933 961 .97 .50 
7 3 9.8 2.48 41.1 .97 933 961 .97 -o0lg 
8 1 62» 2a S65 .87 574 659 1.32 .18 
8 2 12.9 2.78 66.8 .87 574 659 1.32 .18 
8 3 UW.2) (2278 aia .87 574 659 1.32 .18 
8 4 9.8 ©2974) 2531 .87 574 659 282 .18 
* 9 1 9 1.66 5.8 .63 3327 5280 .97 14 
* 9 2 2.4.- *12484:60-2 .63 3327 5280 .97 14 
* 9 3 PA £12324 56.6 .63 3327 5280 .97 .14 
10 1 4.9: “2703. 6.2 5] 1946 3815 58 215 
10 2 6.0 2.08 69.4 .51 1946 3815 .58 15 
10 3 4.3 ~ (2th 38.6 51 1946 3815 .58 15 
10 4 3.0 215 27.0 51 1946 3815 .58 £15 
11 1 2.6 2526." 3.5 51 1227 2406 59 12 
nN 2 5,2. woseg? 61.3 5] 1227 2406 .59 “a2 
11 3 3.3° “2.555 26:8 51 1227 2406 .59 E12 
1 4 Se Zeb 41.9 -51 1227 2406 59 ele 


* Many cracks in the ice sheet 


Influence of Major Characteristics of Icebreaker Hulls 
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Table 23 (Continued) 


Ice Sheet Run R i we 9 E E/ Se Friction 
Number Number (kg) (cm) (cm/sec) (kg/cm?) (kg/cm?) °F (kg/cm?) 
12 1 1.2e 1,21 11.6 .30 542 1805.24 . 
12 2 2.1 94 65.6 .30 542 1805 = .24 - 
12 3 1.5 1.05 42.4 .30 542 1805.24 > 
12 4 1.4 1.16 33.5 .30 542 1805 24 - 
13 1 ta" ot 18 12 517 4308 N 2 
13 2 2.7. 3.11 26.0 12 517 4308 1 S 
13 3 2.4 2.22 46.3 ay 3 517 4308 i s 
13 4 1 282 33.1 12 517 4308 iW ‘ 
*14 1 1.5 1.25 11.6 -28 336 1200 19 16 
*14 2 2.7 1.26 66.8 .28 336 1200 19 16 
*14 3 1h Tek 83.6 .28 336 1200 19 16 
*14 4 2.1 1.27. 50.9 .28 336 1200 19 16 
*15 1 3.4 2.42 11.9 13 232 1785 16 18 
*15 2 3.6 2.40 27.5 - 232 1785 16 18 
*15 3 4,3gg 2.38 38.7 13 232 1785 16 .18 
*15 4 B.Jeee 2.44 52.1 13 232 1785 16 18 


* Teflon coat on the bow and waterline side of the hull 


_ Table 24 Continuous-icebreaking resistance tests: 4th model test data in synthetic ice— 
CCGS Louis S. St. Laurent ' 


-Sgonts j 


Ice Sheet Run R h 2 fF E E/ %e Friction 
‘Number Number (kg) (cm) (cm/sec) (kg/cm?) (kg/cm?) °F (kg/cm?) 

1 °F) ea: a .18 96 533 4) : 
2 9.1 1.58 90.0 18 96 533 4) . 
3 5.0 1.40 43.5 18 96 533 41 “ 
1 2.7 1.03 12.6 18 - - .20 56 
2 10.4 1.03 93.6 £18 - - .20 56 
3 4.4 1.06 45.0 18 F : .20 56 
1 8.8 3.18 7.0 .38 357 940 42 53° 
2 21.0 3.19 80.8 .38 357 940 42 53 
3 16.4 3.20 40.1 £38 357 940 42 53 
1 5.4 2.50 5.8 .30 305 1017 35 - 
2 19.3 2.50 84.8 .30 305 1017 35 - 
3 10.2 2.50 40.8 .30 305 1017 35 - 
1 4.9 1.98 7.1 .95 747 786 = -1.32 : 
2 13.2 1.98 85.2 .95 747 786 =—-1.32 - 
3 8.6 1.98 38.6 .95 747 786 =—-:1.32 - 
1 24-9081 .09 6.0 1.21 1489 1230 .92 44 
2 9.1 1.08 86.8 1.21 1489 1230.92 44 
3 4.1 1.09 39.6 1.21 1489 1230 .92 44 
1 4.2 2.49 5.9 .70 933 1332 .63 -50 

Ss ha 22.56. 77.1 -70 933 1332 .63 -50 
Gr Mi : ; 63 50 
a i 


31 


32 


Table 25 Results of parametric continuous-icebreaking resistance test—Model “H1” test data 


o R 
of E v f 2 
Ice Sheet R h v af a = h 9. gBh2 
Number (Kg) (cm) (cm/s) (Kg/cm) tf Vgh Pa w 
] 82 2.03 30 .016 400 -67 19 4.65 
1.02 2.03 40 -016 400 -90 79 5.78 
1.04 1.98 50 -016 400 ols 8.1 6.20 
127 2.01 60 016 400 SS 8.0 7.34 
2 Wosil 3.42 10 - 063 - ol 18.4 2.62 
1.69 3.42 20 . 063 _ seh) 18.4 Seas) 
1.81 Sock) 30 - 063 _ ne 18.6 3.68 
2n0e SoZ8) 40 063 _ 70 oral 4.36 
3 -85 Zolli! 20 091 220 43 41.9 4.22 
B95 2.14 30 091 220 66 42.5 4.85 
1.14 2.38 40 091 220 83 38.2 4.70 
looks 2.24 50 -091 220 1.07 40.6 6.29 
4 48 2.54 10 els 288 S40) 45.3 1.74 
68 2.54 20 alli lis) 288 -40 44.9 2.42 
1.10 2.58 30 pili 288 -60 44.6 3.86 
less 2.62 40 eS) 288 -96 43.9 4.53 
5 43 96 40 094 =_ 1.30 97.9 10.9 
54 oS 50 .094 — 1.66 101. 14.6 
7) 94 60 094 _ 1.98 100. 18.8 
82 1.01 70 094 =_ 2.22 93% 18.8 
Table 26 Results of parametric continuous-icebreaking resistance test—Model “B2, H2” test data 
o R 
E v 
Ice Sheet R h v e Ff a —— 2 
Number (Kg) (cm) (cm/s) (Kg/cm?) 2 Vgh pan pobh 
] 85 1.80 30 016 400 avi 8.9 6.13 
ay) 1.87 40 -016 400 -93 8.6 6.61 
1.13 1.87 50 .016 400 [oily 8.6 Too 
ev ag2 60 .016 400 1.38 8.3 8.05 
2 lio5 Sock) 10 063 _ mle, 18.8 2.81 
1.79 3.38 20 .063 _ 30) 18.6 3.66 
1.89 3.35 30 063 = 52 18.8 Sie 
2.47 3.42 40 063 — -69 18.4 4.93 
3 399) Zeng 20 .079 220 -43 36.1 4.82 
1.10 2.20 30 .079 220 65 359 Bisail 
1.18 2eeo 40 -079 220 86 35.4 5.54 
1.41 2.28 50 .079 220 1.06 34.6 6.34 
4 80 2.57 10 -115 288 20 44.7 2.83 
+97 2.59 20 ols 288 -40 44.4 3.38 
1.25 2.61 30 115 288 759 44.1 4.29 
1.51 2.61 40 115 288 79 44.1] 5.18 
5 -48 91 40 -094 _ 1.34 103. 13.5 
°52 -90 50 -094 _ 1.68 104. 15.0 
63 89 60 -094 _ 2.03 106. 18.6 
76 92 70 -094 - 2.33 100. 20.9 


Influence of Major Characteristics of Icebreaker Hulls 


Table 27 Results of parametric continuous-icebreaking resistance test—Model “H3” test data 


o E v Se R 
Ice Sheet R h v bi — am i 2 
Number (Kg) (cm) (cm/s) (Kg/cm?) oe gh 0,,9n p, 98h 
7 Ast2 2.07 30 016 400 .67 Pe 6.11 
1.39 2.05 40 .016 400 .89 <8 Tula 
1.36 1.99 50 .016 400 1.13 8.1 8.02 
1.60 1.95 60 .016 400 eS? 8.2 10.2 
2 1.63 eS) 10 .063 — -18 18.9 3.43 
1.83 3231 20 .063 _ aS 19.0 3.90 
2.54 3.34 30 .063 _ «2 18.9 5.32 
3.01 3.57 40 . 063 _ .68 17.6 5.52 
3 Wat 2.32 20 .091 220 -42 39.2 5.69 
1.44 2:26 30 .091 220 . 64 40.3 6.59 
1.67 2.48 40 .091 220 .81 36.7 6.34 
2.16 2.30 50 .091 220 1.05 39.6 9.54 
4 -90 2.59 10 124 288 .20 47.9 ats 
34 2.63 20 -124 288 .39 47.1 4.53 
1.63 2.60 30 124 288 -59 47.7 5.63 
1.64 2.54 40 124 288 -80 48.8 5.94 
5 52 97 40 094 _ 1.30 96.9 12.9 
s7l .99 50 094 — 1.60 94.9 16.9 
-83 1.02 60 094 _ 1.90 92.2 18.6 
1.01 1.01 70 094 — eae 93.1 a | 


Table 28 Results of parametric continuous-icebreaking resistance test—Model “C1” test data 


cn a eee EEE EEEEEEEEEEEEESEESE 


Ice Sheet R h v 4 =- =. . h ca 
1 .74 1.70 30 .016 400 .74 9.4] 4.80 
1.02 1.84 40 -016 400 -94 8.70 5.64 
1.09 1.84 50 .016 400 1.18 8.70 6.03 
BTS 1.87 60 -016 400 1.40 8.56 6.16 
a. yu2s 3.40 10 . 063 _ 17 18.5 2.02 
V2 3.41 20 .063 — eon 18.5 (25 af 
2.05 3.36 30 .063 _ fz 18.7 3.40 
2.37 S232 40 . 063 — Fu, 19.0 4.03 
s .89 2513 20 .079 220 -44 See | 3.67 
94 2.16 30 .079 220 -65 36.6 S07 
.99 Lees 40 .079 220 .86 35.4 J.23 
1.14 eer 50 .079 220 1.06 34.8 4.14 
4 - 66 2.67 10 -124 288 -20 46.4 here 
-99 2.67 20 -124 288 39 46.4 2.60 
1.16 2.64 30 -124 288 -59 47.0 3.12 
1.45 2.62 40 124 288 79 47.3 3.90 
5 -45 1.02 40 -094 _ 1.26 92.2 8.10 
-63 1.01 50 094 - 1.59 93.1 11.6 
-69 1.02 60 .094 _ 1.90 92.2 12.4 
-87 » 1.02 70 -094 — Al 92.2 17 


Influence of Major Characteristics of Icebreaker Hulls 


Table 29 Results of parametric continuous-icebreaking resistance test—Model “C2, B3, L1” test data 
nnn nnn ne ed 


Ice Sheet R h v s 2 a : h ae 
Number (Kg) (cm) (cm/s) (Kg/cm?) sy Vgh e P7 
6 1.29 2.31 20 .060 243 42 26.0 4.53 
1.38 2.28 30 .060 243 63 26.3 4.97 
1.52 2.30 40 .060 243 84 26.1 5.39 
1.93 2.31 50 .060 243 1.05 26.0 6.77 
7 2.25 3.32 10 .058 24) 18 1745 3.82 
2.40 3.30 20 .058 24) 35 17.6 4.13 
2.98 3.32 30 .058 241 53 es 5.06 
3.39 3.4] 40 .058 241 69 17.0 5.46 
8 1.25 2.00 30 084 268 68 42.0 5.85 
1.46 2.07 40 084 268 .89 40.6 6.38 
1.50 2.09 50 084 268 1.10 40.2 6.43 
1.87 2.14 60 084 268 1.31 39.3 7.65 
9 2.13 3.12 10 .071 377 18 22.8 4.10 
2.01 3.01 20 .071 377 37 23.6 4.15 
1.95 2.84 30 .071 377 57 25.0 4.53 
2.44 2.97 40 .071 377 74 23.9 5.18 
10 .68 1.01 40 047 sa 1.27 46.5 12.5 
82 1.05 50 .047 = 1.56 44.8 13.9 
.98 1.03 60 .047 = 1.89 45.6 173 
1.08 1.04 70 .047 = 2.19 45.2 18.7 


Table 30 Results of parametric continuous-icebreaking resistance test—Model “C3” test data 


Ice Sheet R h v 1acz fi Use im - = 
Number (Kg) (cm) (cm/s) (Kg/cm2) cf Vgh p gh », gBh 
6 ers) 2.49 20 .070 243 4] 28.1 5.29 
2.05 2.67 30 .070 243 ~59 26.2 5.39 

2.18 2.57 40 -070 243 -80 (aH hes 6.18 

2.21 2.45 50 .070 243 1.02 28.0 6.89 

7 2.16 Sask! 10 .058 24) 18 17.4 3.65 
oA} Sees 20 -058 241 x35 17.7 3.98 

2.71 3.41 30 .058 241 BOZ 17.0 4.36 

3.47 3.64 40 .058 24] -67 15.9 4.90 

8 1.60 eli) 30 .076 268 -65 35.3 6.48 
ey/) ZolS 40 .076 268 .87 35.3 (fe4s) 

1.79 2.17 50° .076 268 1.08 35.0 7.12 

2.01 2.16 60 -076 268 1.30 Ser 8.07 

9 1.87 2.99 10 -065 377 -19 AT | 3.92 
2.07 2.95 20 .065 377 AS 22.0 4.45 

2.44 2.93 30 -065 377 56 22.2 5.32 

2.81 2.94 40 .065 377 aro) (ae 6.09 

10 +54 a3 40 -064 _ 1.49 87.7 19.0 
79 .83 50 -064 _ 75: Viel alias 

115 97 60 -064 - 1.95 66.0 22.9 

1.10 95 70 -064 _ 2.29 67.4 22.8 


Influence of Major Characteristics of Icebreaker Hulls 


Table 31 


Results of parametric continuous-icebreaking resistance test—Model “B1”’ test data 


op R 
Ice Sheet R h v °F z= a 2 
Number (Kg) (cm) (cm/s) (Kg/cm?) of gh pan p,gBh 
6 tot 2.49 20 .070 243 41 28.1 4.79 
1.40 2.65 30 -070 243 -59 26.4 Rome 

1.41 2.63 40 -070 243 79 26.6 5.45 

1.42 rae 50 -070 243 1.05 30.0 6.99 

7 2.60 3.73 20 -094 241 sao 25. 5.00 
2.64 = PY i 30 -045 241 ~50 12.1 5.10 

298 3.56 40 -045 241 -68 12.6 5.80 

2.77 3.85 20 -094 241 33 25.4 5.00 

8 1.05 ri 30 -076 268 -66 36.0 6.31 
1.10 2.2 40 -076 268 -88 35.8 6.54 

1.45 2.10 50 -076 268 1.10 36.2 6.97 

heal 2.13 60 -076 268 Ey 35.7 8.07 

9 1.06 2.97 10 -065 377 -19 21.9 aver 
1.44 2.93 20 -065 377 Be 7 oek 4.48 
1.35 2.90 30 -065 377 56 22.4 4.29 
1.93 3.01 40 - 065 377 74 21.6 5.70 

10 -45 1.04 40 -047 - 1.25 45.2 11.1 
-62 1.09 50 -047 _ eos 43.1 14.0 

-66 1.07 60 -047 - 1.85 43.9 15.4 

-76 t2 70 -047 _ 2.11 42.0 16.2 

Table 32 Results of parametric continuous-icebreaking resistance test—Model “L2” test data 
E v “f F 

Ice Sheet R h v “f — 2 
Number (Kg) (cm) (cm/s) (Kg/cm2) °F Vgh oon pen 
6 1.20 2.18 20 - 060 243 -43 2165 4.73 
Feat 2.16 30 . 060 243 -65 27.8 5.20 

1.59 2.14 40 . 060 253 .87 28.0 6.50 

1.67 2.1} 50 - 060 243 1.10 28.4 7.02 

7 2.89 3.79 20 -094 241 od 24.8 3.7% 
3.23 3.65 30 -045 241 50 1223 4.54 

3.48 3.58 40 -045 241 -68 12.6 5.08 

3.59 3.84 20 .094 241 33 24.5 4.56 

8 1.18 2.07 30 084 268 -67 40.6 5.16 
1.50 2.14 40 084 268 .87 39.3 6.13 

1.65 ahd 50 084 268 1.09 39.1 6.68 

1.87 2.27 60 084 268 Teer TAY) 6.80 

9 1.98 3.13 10 071 377 18 Ta | 3.78 
2.24 3.08 20 071 377 -36 2351 4.42 

1.98 2.92 30 071 377 56 24.3 4.35 

2.43 2.99 40 071 377 74 23.7 5.09 

10 «Sa 85 40 064 - 5 fee) 75.3 12 

aft 87 50 064 - re 73.6 17.8 

1.05 1.01 60 064 - 1.91 63.4 19.3 

-92 94 70 064 - Leal 68.1 19.5 


Influence of Major Characteristics of Icebreaker Hulls 
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Table 33 Results of parametric continuous-icebreaking resistance test—Model “C2, B3, L1” test data 


Ice Sheet R h v oe =. —— E = 2 
ce Shee ; . o nh 9. gB 
Number (Kg) (cm) (cm/s) (Kg/cm?) bi Vgh Pa w? 
"1 1.59 2.31 20 .059 sa 42 25.5 5.58 
1.95 2.39 40 .059 = 826 24.7 6.39 
12 49 81 40 .032 = 1.42 39.5 14.0 
61 .80 50 .032 = 1.78 40.0 17.8 
66 .80 60 .032 = 2.14 40.0 19.3 
.70 .78 70 .032 us 2.53 41.0 21.5 
13 1.31 2.62 10 .082 682 .20 31.3 3.57 
2.14 2.89 20 .082 682 .38 28.4 4.80 
2.25 2.94 30 082 682 56 27.9 4.87 
2.58 2.99 40 .082 682 74 27.4 5.40 
14 1.09 1.88 30 .055 oa .70 29.3 5.78 
1.16 1.94 40 .055 = .92 28.4 5.77 
rey 1.85 50 .055 = 1.17 29.7 7.50 
1.42 1.87 60 .055 = 1.40 29.4 7.60 
15 91 2022 10 .058 657 21 26.1 3.46 
1.48 2.28 30 :058 657 63 25.4 5.33 
2.16 2.45 60 .058 657 1.22 23.7 6.74 
ai 2.46 70 .058 657 1.42 23.6 7.15 


Table 34 Results of parametric continuous-icebreaking resistance test—Model “C2, B3, H2, L3” test data 


(oj E v g R 
Ice Sheet R h v if ae — h Bh2 
Number (Kg) (cm) (cm/s) (Kg/em2) f Vgh. Pd P97 
1] 1.45 2.38 20 .059 _ 4] 24.8 4.79 
2.01 2.40 40 -059 — 82 24.6 6.53 
12 54 89 40 032 _ 1.35 36.0 12.8 
68 89 50 032 — 1.69 36.0 16.1 
85 87 60 032 _ 2.05 36.8 21.0 
83 89 70 032 — Qeot 36.0 19.6 
13 1.55 2.65 10 - 082 682 20 30.9 4.13 
Cee! 2.94 20 -082 682 37 27.9 4.92 
Zend 3.03 30 -082 682 55 AES 5.61 
2.91 s02 40 .082 682 74 (fess 5.97 
14 Wears 1.90 30 .055 _- 70 28.9 6.48 
1.44 1.89 40 055 — 93 29.1 7.55 
1.78 1.91 50 O05 _— 1.16 28.8 9.14 
Wef6 1.92 60 055: _ 1.38 28.6 8.94 
1S Wed, 2.31 10 058 657 21 25.1 Cate 
1.42 2.38 30 -058 657 62 24.4 4.69 
2.20 2.45 60 058 657 1.22 ey 6.86 
Zot 2.49 70 .058 657 1.42 Cone 8.31 


Influence of Major Characteristics of Icebreaker Hulls 


Table 35 Results of parametric continuous-icebreaking resistance test—Model “C2, B38, H2, L3” test data 


0 R 
Ice Sheet R h v eta = -= —t. Bie 
Number (Kg) (cm) (cm/s) (Kg/em2) f Vgh 9 la 
iB} 1.45 2.39 20 .074 _ -413 31.0 4.75 
1.80 2.34 40 .074 — .84 31.6 6.16 
2.28 2.54 50 .074 — 1.00 29.1 6.65 
12 55 -82 40 -032 — 4.4] 39.0 15.3 
74 .85 60 -032 - 2.08 37.6 19.2 
79 .86 70 032 _ 2.41 37.2 20.0 
Table 36 Icebreaking maneuvering test results—Wind model test data 
ICE TOW DRIFT ARM FORCE FORCE MOMENT U v r O; 
THICK SPEED ANGLE LENGTH X Y N 
cm cm/sec degrees cm kg kg kg/cm cm/sec cm/sec rad/sec kg/cm? 
LABRADOR 1 STRAIGHT LINE TEST G-22-75 
0. -2.56 -0.23 u.u 108.54 0.00 0.000 0.15 
0. -2@.56 -1.84 -73.u 108.52 1.89 0.000 0.15 
0. -2.68 0.27 13.0 108.52 -1.89 O.000 0.15 
a. -2.64 1.56 76.6 108.34 -6.63 0.000 0.15 
0 -2.79 2.05 104.9 105.64 -10.17 0.000 0.15 
0 -2.56 0.82 34.4 108.47 -3.79 0.000 0.15 
0. -2.54 2:76 164.5 105210 -14.77 02000 0.15 
ARM TEST 8-20-75 
0.99 -106.90 oO. 292. -1.50 2.31 328.0 -106.90 0.00 -0.366 d.10 
0.94 -98.7 ii Sete 8 1.50. 205.6 -98.70 0.00 -0.266 0.10 
1.07 -95.70 0. 458. -34 191.4 -95.70 0.00 -0.2e09 o.16 
0.96 -54.00 oOo. 459. n.50 51.7 —54.00 o.00 -0.118 oO.10 
LABRADOR 2 STRAIGHT LINE TEST 0-22-75 
ie 86.80. -O: 0. -1.72@ -f.10 uu «66. 80 0.00 O.000 o.14 
1.07 986.80 -1. Oo. -1.60 -0.41 -5.c¢ 86.79 1.51 0.000 0.14 
i hee Se: o 2: f= Sed, 970.45 7.8 86.79 -1.51 O.000 0.14 
119° 26.50 94. Bie less! 2.1.10 3U.8 86.64 -5.30 oO.000 O.14 
1.08 96.80 6. G2 Si26e --1.43 Su.0 86.40 -8.32 0.000 0.14 
15050 26.80". 2. o% -1.56 0.51 17-2 86.75 -3.03 06.000 0.14 
0.96 986.80 8. Wi =29. 76 21.8 85.96 -12.08 O.000 0.14 
LABRADOR 2 ROTATING APM TEST 8-21-75 
27.70 46, 6458.06 6-n.ee 6-056 © ©-zu. 27.70 0.00 0.061 oO.29 
7.10060. 458. 1.52 -1.19 -968.9 70.10 n.00 0.153 0.19 
SeeeDe ee seis ainGe =i,04. =1Siae oF7. 70 n.00 O.209 O.06 
35.60 0. 292. -@.02 -1.9% -241.2 85.60 0.00 0.293 oO.12 
(Cont’d) 


Influence of Major Characteristics of Icebreaker Hulls 


38 


fe Mm oo 
A ee ee Pits 


MOTEL 1 


Dh oe CY en 
SMTi woo 


Po ro mo ra ts Pa 


= 
a 
i=] 
m 
r 


1 


fu 
. 

L 
m 


2.84 
sel D 


HO Ot th 


STRAIGHT LINE TEST IN THICK ICE S=1=/"3 


14.32 a. (e Beloos o.42 14.32 o.00 
14.92 ae Of SSle ee Le38 14.30 Ses 
13565 Ee Wg tee, 2) ioe 13.45 =a, 14 
16.08 on fe gee 1S" 0.95 16.07 =O. 42 
15. 92 6. 0. se_ 01 Ciel 19.83 =1.166 
15.701 =3.. g. =1..53 ercit=s 14.99 WU ies 
ROTATING ARM TEST IN THICK ICE S-4-75 

13-20 Det ole i ewes a lect Sere aited 13.20 o.00 
17.40 ioe Sa Seep) Sloe SENG! 17.40 o. 00 
16.90 eo rene Steintshs cobb tal § Colpizin= 16.30 o.00 
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Table 36 (Continued) 


+a ahaa ee phe at 
gre 


4 WIND MODEL AND PARAMETRIC MODEL (CONT. ) MONDIMENSIONAL DATA PARAMETRIC MODEL NONDIMENSIONAL DATA 
c = SS Y N U v c o% x Y N v r 0, 
ee ees oe or ae eye es 
Pw 2h? P,,ger? p,geh2 VGr = VGh Gh gh Pam? Agat pga Jar Jor Jen pagh 
MODEL 1 STRPRIGHT LINE TEST IN THICK ICE MODEL 1 STRAIGHT LINE TEST IN THIN ICE 


Me -4.764 1.631 0.000 0.321 0.000 v.00 


. 33.6 -3.951 0.504 6.172 1.090 G.000 N.aueo 106.6 
e-4-360 864.612 0.079 0.290 -0.015 O.0uUN0 31.€ -10.415 10.936 0.651 1.095 -G.057 O.onoo 108.2 
4.783 12.186 0.434 O.e5e -0.040 Gg. uuon es. 0 -~10.2@44 18.823 0.873 1.058 -0.168 o.on00 107.4 
—4.215 2.033 Oo. 05? 0.298 -9d. gos oO. uuot e8.7 -4, 7a? 16.019 0.243 1.083 -0.114 Oo. 0000 109.2 
B>-093 10.111 0.323 0.307 -0.032 0,unoO 31.2 -8.759 22.317 0.982 1.028 -0.219 f.n000 104.0 
'-4.923 4.788 -0.110 0.295 0.015 - u.uoon 32.2 -8.068 -9.901 -0.508 0.992 0.052 v,uooo 69.9 
ROTATING ARM TEST IN THICK ICE 
MODEL 1 ROTATING ARM TEST IN THIN ICE 
-$.492 -1.202 0.392 O.000 o.une) 26.6 


-10.041 -2.514 1.020 0.000 wu. 0use 83. 
-6.846 -1.837 0.846 O.000 UO. uneat 49.7 
—6.666) ~—2. 069 0.792 0.000 0, 046 32. 


—-1.348 -2.010 0.330 0.000 u.oues 49.3 
—3.363 -1.407 0.305 0.000 uU.uuss 23.6 


EABRADOR 1 STRAIGHT LINE TEST 
MODEL & STRAIGHT LINE TEST 


33.908 -3.046 o.000 3.164 o.000 0.000 125.0 
7.603 -19.840 -3.720 3.005 0.052 0.0000 o.0 ~12.695 


© hee 8 4-4R or 


u 1.284 f.000 1.128 O.000 wU.nn00 52.6 
O47 62.857 600.6450 2.983 «0 -0.052 0.0000 = 111.1 -9.289 10.987 0.559 1.027 -0.054 u.uNOD 43.8 
26.828 15.853 3.681 2.956 -0.151 u. uo 73.0 -10.040 18.102 0.7288 0.944 -0.150 wu.uooo 38.2 
150 19.949 4.319 2.851 -0.275 o.uoo00 o.0 -9,355 17.722 0.744 0.945 -o0.099 u.uuud 38.2 
603 8.874 1.753 3.004 -0.105 u.unnd 75.2 Be Bee reg. <9 oan) 10 ome a 20S 98. GUO8 40.3 
S-369 32.130 7.400 2.966 -0.417 0. undd o.@ -8.416 -10.082 -0.414 0.971 0.051 u.unDD 40.6 


ABRADOR 1 ROTATING ARM TEST 
MODEL 2 ROTATING ARM TEST 


oe he de ee Ee el 


wee 2-190 44.952 30.175 -3.430 0.000 -O.0116 101.0 


9539.718 32.378 20.980 -3.250 o.000 -0, ouse 106.4 -3.576 3.981 3.642 -o.892 o.000 -O.un40 121.2 
Peete ee.ses 14.2c86 -2.955 0.000 -0.u069 9225 -6.035 PSoF 2.187 -0.940 o.000 -u.unsé 42.6 
21.316 10.348 = Ooo —~lr6l 0.000 -0,. 0037 104.2 -9.497 2.784 2.012  -1.144 O.000 -u. un26 46.7 
ABRADOR 2 STRAIGHT LINE TEST 
MODEL 3 STFAIGHT LINE TEST 
-1.649 0.000 2.680 o.000 o.oond 130.38 
-6.897 -0.410 2.679 o.047 o.on00 130.8 o.000 0.440 o.000 oO.ooo 69.0 
ae 0.605 2.667 -0.047 oO.on00 129.6 0. 068 0.399 -0.021 oO.unon 60.0 
16.431 eeirs 2.603 -0.159 vu.vo00 123.9 0.057 6.358 -0.057 wv.uugd $0.3 
23.383 3.868 2.655 -0.256 v.0Ggon 129.6 0.000 0.354 -0.037 O.unoo 45.6 
8.623 1.380 2.691 -0.094 b.uo00 132.1 0.049 0.366 -0.07S 0.0000 51.8 
36.424 8.006 2.802 -0.394 u.un00 145.8 ~—$,.046 =<5.f09° -f.123 Si sre O.019 O.uuoo 0.0 
ABRADOR 2 ROTATING ARM TEST 
MODEL 3 RPOTATING ARM TEST 
wis.4o1 -10.068 -1.725 0.872 0.000 oO.oneo 231.6 
7.227 -21.394 -8.236 2.206 o.000 o.o050 184.5 -8.248 16.705 4.433 -0.878 0.000 -u. uu4o 74.6 
ee30.905 -20.2e77 -11.727 2.387 0.000 uv. 0069 $5.86 =f7.609 24.027 S.¢ie) =0.367. O.000 -u, uus? 69.9 
34.946 -36.389 -19.775 2.668 o.000 4.0096 114.3 =6.2e398 12.659 a.543 —-1, 070 0.000 -0. 0nS3 69.4 
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